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CROP ROTATIONS AND COVER CROPS INFLUENCES ON SOIL BIOCHEMICAL 
PROPERTIES, ROOT CHARACTERISTICS AND ECONOMIC PERFORMANCE 
HANXIAO FENG 
2020 
Introducing cover crops (CC) and increasing crop diversity in agricultural systems are 
beneficial in improving the soil health and crop production. However, limited research 
has been conducted that focuses the influence of CC and crop rotation on soil ecosystem, 
root growth and development, crop production, and economic returns. The objectives of 
this study were to (i) assess the impacts of CC management on soil enzyme activities and 
soil microbial community structure changes, (ii) evaluate the crop rotation management 
on crop root growth and development, nutrient storage in crop grain and biomass, and 
crop yield, and (iii) investigate the crop rotation management effect on production input 
cost and economic return.  
The study 1 included that soils data collected at 0-5 cm depth from CC with 
different durations (3 to 20 years) at five locations in the Midwestern, US. Data showed 
that including CC into cropping system has the potential to alter soil enzyme activates 
and the richness of soil microbial community, and this effect varied with the duration of 
CC. Data from this study showed that long-term (20-year) winter rye CC increased water-
extractable C and N content, -glucosidase, urease, acid phosphatase, alkaline 
phosphatase, arylsulfatase, and fluorescein diacetate activities, and soil bacterial 
community abundance than the NCC treatment. However, no significant differences were 




treatment regrading to the abundance of soil microbial community. There was an 
increment in -glucosidase, acid phosphatase, alkaline phosphatase, arylsulfatase, FDA, 
and total phospholipid fatty acid concentration under short-term (3-year) legume and 
grass CC mixture than that under NCC treatment. 
The study 2 included the data on crop root distribution and nutrient storage in 
crop grain and biomass under a long-term no-till diverse crop rotations located at the 
Eastern South Dakota Soil and Water Research Farm near Brookings, SD. The results of 
this objective from 2017 and 2018 showed that the diverse crop rotations [corn (Zea mays 
L.)-soybean [Glycine max (L.) Merr.]-spring wheat (Triticum aestivum L.)-pea (Pisum 
sativum L.) (CSSwP), corn-pea-winter wheat-soybean (CPWwS), corn-oat (Avena sativa 
L.)-winter wheat-soybean (COWwS), corn-soybean-spring wheat-sunflower (Helianthus 
annuus L.) (CSSwSf)] had significant effects on corn root distribution and corn yield as 
compared with the 2-year corn-soybean (CS) rotation. Compared with other rotations, 
lower corn root biomass, corn root length density at the first two depths (0-15 and 15-30 
cm), and total root length density at anthesis were recorded in CSSwP rotation but it led 
to greater corn yield. The CS rotation had lower corn and soybean yields than the other 
diverse crop rotations, although the differences were not always significant. There was no 
evidence that crop rotation influenced the crop grain nutrient storage, but a slight 
difference was shown in the crop biomass.  
The study 3 included the data on crop yield, production input cost, and economic 
return from the same location as the study 2. The data collected for 2013 through 2016 
showed that diverse crop rotations (CSSwP, CPWwS and COWwS) provided more 




rotation required greater total input cost than the diverse crop rotations. No significant 
increase in corn yield was detected in diverse crop rotations compared with the CS 
rotation, while there was a significant reduction in soybean yield under CS rotation than 
the diverse crop rotations. The gross revenue and net revenue results suggested that CS 
rotation was less resiliency than the diverse crop rotations when the nitrogen (N) fertilizer 
application rate was less than that required for the maximum yield, this result was more 
obvious when compared with the CSSwP rotation. These findings suggested that, in 
general, use of long-term CC and extending the traditional CS rotation to more 
diversified such as CSSwP rotation could be more beneficial and sustainable systems in 


















Corn (Zea mays L.)-soybean [Glycine max (L.) Merr.] (CS) is the most commonly 
used practice in the Mid-west United States (Karlen et al., 2006; Yu et al., 2018). 
However, some studies have shown that long-term application of monocropping 
[continuous corn or wheat (Triticum aestivum L.)] or simple crop rotations (e.g., CS) has 
caused soil degradation and yield reductions (Smith et al., 2008; Tomer et al., 2017; Yin 
et al., 2015). Therefore, single or multi-species cover crops (CC), diverse rotations and 
no-till systems have been used for enhancing the soil health and the crop production.  
Cover crops (CC) have shown advantages in improving soil fertility and crop 
production compared to the no CC (NCC) by alternating soil organic matter (Kopittke et 
al., 2020), nutrient turnover rate (White et al., 2020), soil microbial ecosystem (Kim et 
al., 2020; Rankoth et al., 2019a), soil aggregation (Adeli et al., 2019; Domagała-
Świątkiewicz et al., 2019), and soil structure (Blanco-Canqui et al., 2012; Pinheiro et al., 
2004). Another important factor that has potential to improve soil health, crop growth, 
nutrient availability and economic income is diversifying the simple crop rotation or 
monocropping. Studies found that diverse crop rotation has the potential to make 
contribution in the reduction of disease risk, increment of nutrient using efficiency (Horst 
and Härdter, 1994), crop growth and crop yield performance (Bowles et al., 2020; Smith 
et al., 2017). 
Root growth and distribution play a vital role in crop production and economic 
benefits because roots involve in water and nutrient movement, transport and distribution, 




al., 2006; Palta and Watt, 2009). Crop rotation is one of the practices that can modify the 
growth and development of roots by altering the water and nutrients availability in soil, 
soil pH, soil structure, nutrients removal from previous crop grain and biomass 
(Benjamin and Nielsen, 2006; Gahoonia and Nielsen, 2004; Razaq et al., 2017). The 
nutrients storage in crop grain and crop biomass at harvest indicated the nutrients 
removal from soil, which is an important indicator of fertilizer application for subsequent 
crop (Houx III et al., 2014).  
Extending the monocropping system or simple 2-year CS rotations to 3-or 4-year 
rotations that can include legumes can enhance the diversity in the systems. Legume 
crops in the rotations can fix N or scavenge nutrients from previous crop or increase the 
nutrient use efficiency, and therefore, reduce nutrients leaching, runoff, and the quantity 
of commercial fertilizer application (Gaudin et al., 2015a; Lupwayi and Soon, 2016; Van 
Eerd et al., 2014). Diverse crop rotations not only reduce the amount of fertilizer applied 
and its potential negative impacts on the environment, but also reduce the production 
inputs cost. In addition, crop yield and net revenue are more important factors for the 
producers (Al-Kaisi et al., 2016). Therefore, the primary task is to select cropping 
systems that do not adversely affect soil health while enhancing the crop production and 
profitability. Understanding the soil health properties, root distribution, crop yield and 
economic performances under different cropping systems can help producers better 
utilize their soils while maximizing the economic benefits. 
Study Objectives 
This research was conducted to investigate the impacts of different of CC and 




performance to identify whether these practices are suitable for soil protection, contribute 
to crop production and economic income. The specific objectives designed for each study 
are as follows: 
Study 1. This study was entitled “on-farm assessment of cover cropping effects on soil C 
and N pools, enzyme activities, and microbial community structure”. The specific 
objective of this study was to explore the different CC managements on labile C and N 
fractions, β-glucosidase, urease, arylamidase, acid and alkaline phosphatase, fluorescein 
diacetate, microbial community changes and soil protein. 
Study 2. This study was entitled “root characteristics and nutrients storage response to 
the management of crop diversity”. The specific objective of this study was to evaluate 
the influence of crop rotations on crop yield, macronutrient and micronutrients in crop 
grain and biomass, root length density, root biomass and root/shoot ratio.  
Study 3. This study was entitled “yield and economic performance of different crop 
rotation systems in South Dakota”. The specific objective of this study was to determine 
the effect of crop rotation on crop yield, production cost, gross revenue, net revenue and 
benefit-cost ratio.  
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2.1.      Crop Diversification 
 Crop diversification is a practice that can be used in the agricultural system to 
improve soil health, crop production, economic returns from various crop products by 
extending crop species or altering the cropping system (Hitayezu et al., 2016; Mango et 
al., 2018). Crop diversification has been widely used all over the world as it has the 
potential to promote water and nutrient cycling, increase the quality and quantity of 
microbes, and the tolerance to disease and weed (Lin, 2011), reduce the impact of climate 
and market (Amuzu et al., 2018; Kremen and Miles, 2012), and increase the total gross 
revenue and net revenue from improved crop production or various added products 
(Kasem and Thapa, 2011; Liu et al., 2019). Different types of crops were introduced into 
the cropping system based on the soil types, weather conditions, crop management, soil 
health condition and challenges at specific locations. Triticale and barley were adapted to 
diversify the winter wheat and winter rye in the middle Volga region of Russia 
(Shevchenko et al., 2019). Various legumes (such as field pea, chickpea, and oilseed 
crops) and small grains (buckwheat and millet) were used in the dryland agriculture of 
Central Asia to diversify wheat cropping system and prevent soil moisture in the summer 
period (Suleimenov et al., 2005). Perennial alfalfa, small grain winter wheat and red 
clover were added into the corn cropping system to alleviate the decreasing crop yield 
stress and soil degradation in Canada (Jarecki et al., 2018).  In the United States, legumes 
and small grains are commonly cultivated as extensive crops in corn-soybean cropping 




soybean-oat and corn-soybean-oat/alfalfa-alfalfa (Johanns et al., 2012; Mulik, 2015), 
corn-soybean-oat/red clover rotation (Hunt et al., 2017;2019) and corn/rye-soybean-3 
years of alfalfa (Cavigelli et al., 2013). 
 
2.1.1. Cover Crops 
Cover crops (CC) are the crops that are grown primarily for maintaining soil and 
water health and improving subsequent crop yield (Dabney et al., 2001; Pieters, 1927). 
Generally, CC can be divided into three categories: legume CC (such as alfalfa, clover, 
cowpea, field pea, vetches, and lentils, etc.,), grass CC (such as ryegrass and barley, etc.,) 
and others (such as brassicas forage radish, turnip, rape, mustard and non-legume 
broadleaves spinach and flax, etc. Different types of CC can be included to meet the 
study requirement. Legume CC can fix atmospheric N and add organic matter to the soil. 
Legume CC with relatively lower C:N ratio and a greater turnover rate compared to grass 
CC, which makes its residue more easily available for the succeeding crop (Sulas et al., 
2017). Grass CC can scavenge nutrients left in the soil from the previous crop, especially 
N. It can also produce large amounts of residue (biomass C), promote the organic matter 
added to the soil (García-González et al., 2016) and alter soil microbial activities 
(Brandan et al., 2017). Grass CC with a relatively higher C:N ratio which suggests that its 
residue tends to last longer and beneficial for carbon storage. Cover crop mixture can be 
cultivated into the agricultural system to combine the advantage of different types of CC 
which can scavenge N, produce a quantity of biomass, supply available C, contribute the 




Wortman et al., 2012). In this way, it helps improve the CC establishment rate by 
reducing the risk of crop failure in different fields and weather conditions.  
Cover crops can be used to suppress weeds (Osipitan et al., 2018), break disease 
cycles (Larkin et al., 2010), provide nutrients and prevent nutrient losses, and therefore 
reduce fertilizer application and protect water quality (Singer et al., 2011). Cover crop 
with the deep root system (such as forage radish and turnip) has the potential to reduce 
soil compaction, improve soil aeration, porosity, aggregation, water infiltration, C input 
after the decomposition of roots and development of soil structure. Cover crops are also 
used to prevent bare soil surface and add soil organic matter and microbial biomass 
(Ginakes et al., 2018), and reduce soil erosion by keeping living roots in the soil and on 
the soil surface. The CC management is also important for adopting CC as it may impact 
the soil moisture, residue decomposition and nutrient releasing (Hashemi et al., 2013). 
Optimal use of CC management can improve soil quality and sustain agricultural 
production. Introducing CC in cropping system has been considered as an implementable 
practice to the alternate quantity and quality of the crop residue, soil moisture, soil 
microbial ecosystem (Bechara et al., 2018) and therefore influence soil biodiversity and 
fertility.  
 
2.1.2. Diverse Crop Rotations 
Diverse crop rotations are practices that include planting of various dissimilar or 
different types of crops in the same area in sequenced seasons (Liebman and Dyck, 
1993). Diverse crop rotation helps to prevent soilborne pests, reduce weed stress and soil 




yield, reduce in production input costs (fertilizer, herbicide, labor and fuels energy, etc.,) 
compared with the monocropping or short CS rotation (Aziz et al., 2011; Parihar et al., 
2018).  
 
2.2.  Cover Crops Impacts on Soil Microbial Properties 
2.2.1. C Fractions 
  The MBC and MBN are the most labile living carbon and nitrogen contents of 
soil organic matter and considered as early indicators of changes in soil carbon and 
nitrogen (Mbuthia et al., 2015; Moore et al., 2000). Water extractable C (including cold 
water-extractable C and hot water-extractable C) is one of the labile C that are readily 
available for microbial use, and it is positively correlated with MBC and soil organic C. 
Generally, it responds to crop management quickly and considered as an sensitive 
indicator of soil labile C pool changes and variation in soil organic matter (Ghani et al., 
2003; Weigel et al., 2011).  
 
2.2.2. Soil Enzymes 
  Soil enzymes are considered as a critical soil health indicators due to its rapid and 
sensitive response to soil and crop management (Acosta-Martínez et al., 2019; Hamido 
and Kpomblekou-A, 2009; Izquierdo et al., 2005; Karaca et al., 2010). Beta-glucosidase, 
urease, arylamidase, acid phosphatase, and alkaline phosphatase, arylsulfatase enzyme 
play an important role in organic C, N, P and S mineralization, respectively (Bowles et 
al., 2014; Mbuthia et al., 2015; Stone et al., 2014). Beta-glucosidase is an important 




decomposition (mainly break down cellulose into low molecular weight sugar or glucose, 
via, hydrolysis of water-soluble di- and oligosaccharides and release monosaccharide) 
which provide labile carbon and energy source to support microbial life in the soil 
(Kotroczó et al., 2014; Singhania et al., 2013). Introducing CC into agricultural systems 
has been proposed to boost soil enzyme activities by altering the quantity and quality of 
organic matter and microorganisms. Mukumbareza et al. (2016) illustrated that vetch 
makes a great contribution to improve -glucosidase and urease activities. The increase 
in enzyme activities also correlated with the types of CC. A study conducted by Nevins et 
al. (2020) found that cereal rye and a mixture of CC (hairy vetch and cereal rye) 
increased -glucosidase activity compared to the hairy vetch and NCC only at 53 days 
after CC termination which could be explained by the increased decomposable residue in 
cereal rye and a mixture CC plots.  
  Urease is the enzyme that catalyzes the hydrolysis of urea to CO2 and NH3, which 
convert organic nitrogen compounds urea into inorganic form ammonium (Adetunji et 
al., 2017). Arylamidase involves soil biochemical nitrogen mineralization processes and 
it catalyzes the hydrolysis of N-terminal amino acids from arylamides and releases amino 
acid which is the precursor of plants essential and available form of nitrogen for plant 
growth (Acosta-Martínez, 2000; Hamido and Kpomblekou-A, 2009). Studies have shown 
that integrating CC increased arylamidase enzyme activity in comparison with NCC 
treatment (Hamido and Kpomblekou-A, 2009; Tang et al., 2014). Soil phosphatase 
derived from soil microbial community, plants and animals, plays a key role in organic 
phosphorus metabolism and directly affects the effectiveness of organic phosphorus in 




data to support that phosphatase activity was improved under CC than the NCC 
treatment. Arylsulfatase is the enzyme that breaks down organic sulfate esters releases 
plant-available form of S (SO42-) and contributes to S nutrient cycling (Acosta-Martínez 
et al., 2003). Fluorescein diacetate (FDA) is an overall microbial activity indicator in the 
soil that involves lipases, proteases and esterase hydrolase activities (Adam and Duncan, 
2001; Green et al., 2006; Saruyama et al., 2013). Mendes et al. (1999) reported that the 
FDA was increased by cereal CC triticale and legume red clover CC in one of three 
samplings within two years. 
 
2.2.3. Phospholipid Fatty Acid (PLFA) 
  Phospholipid fatty acid (PLFA) is an important component of living microbial 
cell membrane which can be used as a biomarker to characterize and detect the number of 
soil bacteria and fungi (Marschner et al., 2003), and soil microbial biomass and microbial 
community structure (Buyer and Sasser, 2012; Veum et al., 2019). Studies have found 
that increasing crop diversity is favorable for improving the abundance and diversity of 
the microbial community (D’Acunto et al., 2018; Maarastawi et al., 2018; Venter et al., 
2016), however, sometimes including legumes into cropping systems may cause a 
reduction in nitrifying microbial community and only alter the quantity of microbes but 





2.3. Diverse Rotations Impact on Root Parameters 
2.3.1. Root Distribution  
Crop root is an important indicator of crop and soil health as it plays an important 
role in water and nutrients uptake and flow. Understanding and using the relationship of 
root-crop-soil appropriately can help to manage land and crops more efficiently. Root 
length density refers to the length of roots per unit volume of soil. It is one of the 
important parameters required to understand plant performance. Root biomass 
distribution is a fundamental way to understand the relationship between a plant and its 
surrounding soil. The root shoot ratio gives an idea about the water and nutrients flow, 
and C input into soil (Bolinder et al., 1997; Fageria and Moreira, 2011). 
 
2.3.2. Macronutrients and Micronutrients  
Macronutrients and micronutrients (B, Fe, Mn, Mo, Zn, Ca, Mg, Na, P, S) are 
essential for plant growth and play an important role in balanced crop nutrition (Fageria 
and Moreira, 2011). A lack of any one of the nutrients in the soil can limit crop growth, 
even though some nutrient requirements are small, and all other nutrients are present in 
adequate amounts. Analyzing nutrients in crop biomass and crop grain can help better 
understanding of nutrients removal from previous crop harvest and better soil fertilizer 





2.4. Economics Under Diverse Rotations 
2.4.1. Environmental and Production Input Benefits 
Previous studies have demonstrated that diverse crop rotation has a variety of soil 
and environmental benefits. The application of diverse crop rotation can control the 
occurrence of weed and disease (Regnier et al., 2016), reduce N and P leaching, chemical 
fertilizer and herbicide application (Isbell et al., 2017), and increase soil water and 
nutrient retention (King and Hofmockel, 2017), decrease soil erosion (Hunt et al., 2019), 
increase soil C sequestration (Van Eerd et al., 2014) and microbial diversity and activities 
(Tiemann et al., 2015; Venter et al., 2016), improve the water quality (Langemeier et al., 
2010), soil health and crop production (Borrelli et al., 2014). Furthermore, diverse crop 
rotation can create more economic benefits from the various species of crops, byproducts 
and cause the reduction in production input costs (fertilizer, herbicide, labor and fuels 
energy, etc.) compared with less diversified monocropping or CS rotation (Davis et al., 
2012; Johanns et al., 2012; Smith et al., 2008). 
 
2.4.2. Crop Production and Revenue Benefits 
It has been reported by many studies that diverse crop rotation can maintain or 
increase crop production compared with the CS rotation (Cavigelli et al., 2013; Coulter et 
al., 2011; Davis et al., 2012; Johanns et al., 2012; Sindelar et al., 2016). Besides, it has 
been reported that diverse crop rotation can be beneficial to lower the application 
riskiness increases the yield stability. Leandro et al. (2018) demonstrated that corn-
soybean-oat/red clover rotation and corn-soybean-oat/alfalfa-alfalfa rotation decreased 




when compared with those of CS rotation. Similar results were reported by Gaudin et al. 
(2015b) that diverse crop rotation has the potential to decrease crop yield variability and 
increase yield stability by reducing the adverse effects of the unfavorable weather 
condition for crop growth. Another economic benefit of diverse crop rotation is that it can 
develop greater net income and revenues in contrast with the CS rotation. Johanns et al. 
(2012) reported that a 3-year diverse crop rotation (corn-soybean-oat) and a 4-year 
diverse crop rotation (corn-soybean-oat/alfalfa-alfalfa) significantly increased the gross 
revenue and net return compared with the CS rotation. Mulik (2015) found a similar 
conclusion from the Marsden study using data from 2008 to 2012 in Iowa that relative 
higher net return was recorded in corn-soybean-oat rotation and corn-soybean-oat/alfalfa-
alfalfa in contrast with CS rotation. Similarly, Hunt et al. (2017) and Hunt et al. (2019) 
reported that corn-soybean-oat/red clover rotation and corn-soybean-oat/alfalfa-alfalfa 
rotation with less herbicide produced a similar or better net return compared with CS 
rotation with conventional herbicide management. 
 
2.4.3. Possible Reasons Why Rotation Is Not Widely Adopted 
Diverse crop rotations have not been fully popularized to farmers although many 
environmental and economic benefits have been reported, there is still low use of diverse 
crop rotations in the Midwest US. Not too many producers have a strong awareness about 
the benefits of diverse crop rotation or they don’t have too many correct perceptions 
about diverse crop rotation to adopt it (Kolady et al., 2019). Weak soil health awareness 
and visible short-term benefit may impede the diverse crop rotation practice being 




a short period or disregarding soil health benefits (Meyer-Aurich et al., 2006; Wang et al., 
2019). Large demand of corn and soybean as biofuel feedstocks is one of the driving 
force that makes the producer choose corn and soybean instead of other crops, which 
could be the one reason hinder the application of diverse crop rotation in the agricultural 
system (Lark et al., 2015; Wright and Wimberly, 2013). The average price of the corn 
and soybean over the past 10 years (2009-2018) in South Dakota are $4.13 and $10.28 
per bushel, respectively, based on the USDA National Agricultural Statistics Service 
database. Relative high market price and well-developed market situation of corn and 
soybean allow producers to continue to use corn and soybean to minimize feasibility and 
profitability risk (ScientistsUnion, 2017). Limited federal incentives to protect the 
adoption of diverse crop rotation impedes the producer to choose other crops instead of 
selectively planting those crops covered by crop insurance or credit constrains 
(ScientistsUnion, 2017). Moreover, no consensus regarding the period for CC growth 
after harvest of the cash crops when the CC was used in diverse crop rotation, producers 
are more worried about not having enough time for CC to growth (Arbuckle and Ferrell, 
2012). Therefore, finding the balance between soil health and the interests of producers is 
the critical point to promote the application of crop rotation and CC in the Mid-west US. 
 
2.5. Research Gaps 
This study focuses on the impacts crop diversification and cover crops on soil 
health, crop root characteristics distribution and crop economic performance in the Mid-
west United States. Specifically, we are trying to investigate how the crop diversity and 




enzymes activities, macronutrients and micronutrients availability in crop grain and roots, 
roots distribution, crop production and economic benefits. We hypothesis that increasing 
crop diversity and introducing CC or small grains in cropping systems can enhance crop 
production and improve soil health by altering the residues content, moisture content, soil 
physical, chemical, and biological process.  
There is a shortage of comprehensive analysis of crop diversification effect on 
soil, agriculture, and economics in South Dakota. We are trying to have an overall 
understanding from different aspects and levels of the agricultural system, which include 
roots distribution (e.g. root length density, root biomass), nutrients utilization analysis 
with inductively coupled plasma, microbial community structure changes through 
phospholipid fatty acid analysis, crop production performance and economic analysis 
(e.g. net return, gross revenue, and benefit-cost ration) to satisfy producers’ requirement. 
The major goals of this research are to supply constructive suggestions based on our 
experimental results and find the most suitable crop managements for the agricultural 
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 CHAPTER 3 
ON-FARM ASSESSMENT OF COVER CROPPING EFFECTS ON SOIL C AND 
N POOLS, ENZYME ACTIVITIES, AND MICROBIAL COMMUNITY 
STRUCTURE 
ABSTRACT 
Introducing cover crops (CC) in annual cropping systems can promote nutrient cycling 
and improve soil health. However, impacts of CC on soil health indicators vary and 
depend on the duration of CC, cropping systems, and other environmental conditions. We 
performed an on-farm assessment of cover cropping impacts on soil health indicators that 
include C and N pools, enzyme activities, and microbial community structure under 
different no-till corn-based cropping systems (corn (Zea mays L.)-soybean (Glycine 
max L.) [CS], CS-winter wheat (Triticum aestivum L.) [CSWw], and corn-oats (Avena 
sativa L.) [CO]). At five farms, fields with different durations of cover cropping were 
compared to adjacent no cover crop (NCC) fields. In general, long-term CC enhanced 
soil health parameters compared to the NCC. Long-term (20-year) winter rye CC had 
higher water-extractable C and N content, enzyme [-glucosidase (1.2 times greater), 
urease (5.5 times greater), acid (1.5 times greater) and alkaline (4 times greater) 
phosphatase, arylsulfatase (0.8 times greater), and fluorescein diacetate (FDA) (0.7 times 
greater)] activities, and soil bacterial community abundance (1.2 times greater) compared 
to that under NCC. Short-term (3-6 years) legume and grass CC mixtures increased -
glucosidase (0.9 times), acid (0.7 times) and alkaline (1.5 times) phosphatase, 
arylsulfatase (3 times), FDA (0.8 times) activities and total phospholipid fatty acid (1.6 




legume and brassica mixtures did not significantly alter soil microbial community 
structure. This study showed that implementation of CC for over six years promoted C, 
N, S, and P cycling that are beneficial to soil health in corn-based cropping systems.  
 
Keywords: Cover crop, soil health, soil microbial biomass, PLFA, microbial community 
structure, soil enzymes 
 
3.1. Introduction 
Cover crops (CC) are widely used for enhancing soil physical, chemical, and 
biological health in agroecosystems (Finney et al., 2017). Worldwide, interest is growing 
among producers to use CC under different cropping systems for improving soil health 
and performance [e.g., nutrient cycling (White et al., 2020), organic matter (Kopittke et 
al., 2020), microbial biomass (Kim et al., 2020; Rankoth et al., 2019a), aggregate stability 
(Adeli et al., 2019; Domagała-Świątkiewicz et al., 2019)], and crop production (Austin et 
al., 2017; Ghimire et al., 2017). However, various CCs under different crop rotations for 
a range of durations have distinctive effects and functions on soils and microbes (Bacq-
Labreuil et al., 2019; Balota et al., 2014; Fageria et al., 2005). The legume CCs act as 
strong N-fixer and convert the N in the atmosphere into the plant available N forms 
(NH4-N and NO3-N) (Somenahally et al., 2018). These CCs produce relatively higher N 
content residue which can be easily broken down and available for subsequent crops. The 
grass CCs with well-developed root system has strong nutrient-scavenging ability, 
especially for N, therefore, has been used to reduce N leaching (Kaspar et al., 2012; 




reduce N leaching during winter period and protects the bare soil from wind and water 
erosion even for the heavy rain during the early spring (Kaye et al., 2019; Salmerón et al., 
2011). The use of brassicas CC (e.g., radish) with deep root system can supply extra 
organic matter and nutrients for the following cash crop after the decomposition of roots 
and reduce the soil compaction (Abdollahi and Munkholm, 2014). Therefore, not every 
single CC can provide all the soil health benefits. Thus, multi-purpose CCs such as 
integrating legume and grass CC or introducing multispecies mixture CC into the 
cropping systems can be more beneficial for enhancing the soil health as they can extend 
the range of substrates to the ecosystem and provide various ecosystem services (Chu et 
al., 2017; Drost et al., 2020).   
Cover crops increase the diversity of cropping system and microbial activity 
(Caban et al., 2018; Ding et al., 2006). These crops help in improving the soil 
enzymes such as -glucosidase and urease (Mukumbareza et al., 2016), arylamidase 
(Tang et al., 2014), phosphatase (Brooks et al., 2018; Wei et al., 2018) and fluorescein 
diacetate (FDA) (Mendes et al., 1999). Soil microbial biomass, microbial community 
structure, enzymes, and soil protein respond differently to various types of CC (Brennan 
and Acosta-Martinez, 2017). Further, these CCs also help in increasing the total PLFA, 
and different CC showed distinctive effect on the proportional distribution of soil 
microorganisms. For instance, ryegrasses had a more pronounced effect on arbuscular 
mycorrhizal fungi (AMF) than the legume CC hairy vetch (Finney et al., 2017). 
Similarly, García-González et al. (2016) reported that grass CC barley performed better 
in enhancing AMF and glomalin-related soil protein (GRSP) content than the legume 




vetch showed superiority in improving soil microbial community structure and 
phosphatase activity than the CC mixture that include oat and radish. In addition to the 
types of CC, the duration of CC also affects soil microbial activity and soil health. Short-
term CC had variable effect on soil enzyme activities across locations, crop 
managements, and soil conditions (Rankoth et al., 2019b). A one-year application of 
black oat CC increased soil microbial biomass, -glucosidase and alkaline phosphatase 
activities than the NCC treatment (Zibilske and Makus, 2009). Similar to this finding, a 
3-year study indicated that a mixture of oat, radish and vetch significantly increased the 
soil PLFA and acid phosphatase activity than the NCC treatment (Chavarría et al., 2016). 
Whilst, Calderon et al. (2016) found that in semiarid cropping system, the impact of one-
year CC (regardless of single or multi-species) on microbial activities, soil microbial 
community composition and related enzyme activities was insignificant. However, long-
term usage of CC generally demonstrated positive effects on soil microbial activity and 
nutrients availability (Almeida et al., 2019; Schmidt et al., 2018). Balota et al. (2014) 
suggested that soil microbial biomass, glomalin content, phosphatase and arylsulfatase 
activities were significantly improved by integrating CC for 23 years into the cropping 
systems. Similarly, it has been reported that glomalin content, AMF spores and its hyphae 
length were markedly increased after more than 5-year of barley application compared to 
the fallow (NCC) treatment (García-González et al., 2018; García-González et al., 2016).  
Cover crop frequency in the crop rotations is one of the most important supporters 
of significant changes on soil enzyme activities. Data showed that CC planted annually 
rather than every few years lead to greater -glucosidase, alkaline phosphatase and 




indicated that annually growing cover cropping had more potential to the accumulation of 
soil carbon and mitigation of soil degradation compared to every other year cover 
cropping system. The interactive impacts of CC for different durations under various 
cropping systems on soil health indicators are very limited. Furthermore, it is critical for 
producers to understand how soil health changes for crop rotations managed with and 
without CC so as to strategically plan their management. Therefore, the present on-farm 
study was conducted with the specific objective was to assess the impacts of CC used for 
different durations (3 to 20 years) at five different environmental locations on selected 
soil biochemical properties and microbial community.  This study can provide important 
information to producers regarding the crop types that they can adopt when considering 
the CC under no-till system depending upon the limited planting window after the cash 
crops. The selection of CC in the rotation of the study region was based on the following 
criteria: (i) different CC represent the common grower situation in our region, and (ii) 
small planting window (period between cash crop harvest and planting CC) plays 
important role in using the CC. In our paper, producers of the region have been using CC 
in their crop rotations for different objectives such as for livestock grazing, economics, 
soil health, crop improvement, and many others. Therefore, different farms were selected 
to include different rotations and durations of CC with the major objective to assess the 





3.2. Materials and Methods 
3.2.1. Study Farms, Management, and Treatments 
This study was carried out at five farms; four producer and one experimental farm 
located in South Dakota and Iowa, USA. The South Dakota and Iowa states have a mean 
annual temperature of 6.9C and 8.5C, and the mean annual precipitation is 522 mm and 
895 mm, respectively. The farms included CC under different usage durations ranged 
from 3 to 20 years under different crop rotations. Each farm has CC and NCC treatments 
with three replications. The study design for the experimental farm (site 5) was 
randomized complete block design with three replications. The size of the plot at 
experimental site was 29 by 38 m, while the fields on producer farms were usually 20-25 
ha in size. Information about the farm and cropping system is summarized in Table 3.1. 
The farms in this study were selected to represent the typical farming systems in the 
region covering a range of soil management practices in terms of crop diversity and CC 
application. Two fields (>20-25 ha) were selected on each farm in cooperation with an 
extension agent. Three farms (Site 1, 3, and 4) had CS rotation, and CC was planted after 
corn harvest with CC growing at the time of sampling. Among the rest two farms one 
(Site 2) had CSWw rotation and the other (Site 5) had CO rotations, and CC were used 
after winter wheat and oats, respectively, in these rotations. Soil samples were collected 
during the CC phase.  
 
3.2.2. Soil Sampling and Analysis 
Soil samples for 0-5 cm depth were collected using a spade from all the five farms 




to the field capacity. At each farm, soil was collected from nine representative points 
within the field and pooled to a composite sample. However, farms of the producers were 
usually 20-25 ha in size, and we marked three pseudo replicated areas of 10 m x 10 m 
with similar landscape in individual field of all the four farms, collected nine soil samples 
from each pseudo replicated area, and made one composite sample. Three replications 
were used for this study for every treatment. However, treatments at Site 5 were 
established under an experimental design at the producer farm with 6 plots, and soil 
samples were collected from each plot. 
At each site (except Site 5), an additional sample was taken from a field managed 
with similar rotation but that included a NCC (size of the NCC was 20-25 ha), and was 
identified adjacent to the field (at least 1 to 5 m distance from the field edge, and at least 
2 m distance from roads and tracks). The NCC field represents the traditional 
management that producers have been following in the region and served as benchmark 
for the potential soil health at each site. Samples from NCC field were collected in the 
same way as samples from the CC field. The sampling approach used in this study 
resembles that in various studies (e.g., Blanco-Canqui et al., 2009; dos Reis Ferreira et 
al., 2020; Sekaran et al.; Sekaran et al., 2020; Williams et al., 2020). All the soil samples 
were kept in a cooler during transportation and cold storage at 4°C pending analysis.  
 
3.2.3. Soil pH, EC and Carbon and Nitrogen Fractions 
Soil texture was obtained from the latitude and longitude of each farm location on 
the Web Soil Survey, and soil pH and EC were determined using the pH and EC meter 




were analyzed using cold water and hot water extraction methods (Ghani et al., 2003). 
Briefly, 3 g of soil and 30 mL of distilled water were added to a centrifuge tube and 
mixed with an end-to-end shaker at 40 rpm for 30 min. The resulting soil suspension was 
centrifuged at 3000 rpm for 25 min to isolate the cold water-extractable C (CWC) and N 
(CWN) in the supernatant. Thereafter, 30 mL of water was mixed with remaining soil and 
placed in a hot water bath (80°C) for 12 hr, and the suspension was centrifuged at 3000 
rpm for 25 min to isolate the hot water-extractable C (HWC) and N (HWN). These soil 
extracts were analyzed with a TOC-L analyzer (Shimadzu Corporation, model-TNM-L-
ROHS). Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were 
determined using the chloroform fumigation extraction method outlined in Ross (1990). 
Ten g of soil was fumigated with CHCl3 in a desiccator for 24 hr and extracted with 40 
mL 0.5 M K2SO4. Non-fumigated soils were treated similarly, and both the extracts were 
analyzed with the TOC-L analyzer. The MBC and MBN concentrations were determined 
by the calculating the difference between C and N in the fumigated and non-fumigated 
samples using an extraction efficiency factor of 0.45 (Beck et al., 1997). The result was 
expressed as mg kg-1 soil. 
 
3.2.4. Soil Enzymes 
The β-glucosidase (EC 3.2.1.21) enzyme activity was assayed as described by 
Eivazi and Tabatabai (1988). One g of soil (<2mm), 0.2 mL of toluene, 4 mL of modified 
universal buffer (MUB) pH 6.0, 1mL of 50 mM PNG (p-nitrophenyl--D-glucosidase) 
solution were mixed in a flask and incubated at 37C for 1 hr. The reaction was ended by 




(THAM) buffer (pH 12). The soil suspension was filtered and the amount of p-
nitrophenol (pNP) released was measured with a spectrophotometer at 405 nm. Control 
samples were included for each assay by the procedure described above, except adding 
the substrate PNG solution after using the THAM buffer (pH=12). The result was 
expressed as µmol pNP g-1 soil h-1.  Urease (EC 3.5.1.5) activity was measured by 
colorimetric determination as described by Kandeler and Gerber (1988). Five g of soil 
was placed into each of three incubation flasks, 2.5 mL of 720 mM urea as substrate were 
add into first two flasks and the third flask was a control. Twenty mL of borate buffer 
was added to all flasks; parafilm-sealed flasks were incubated at 37C for 2 hr. Released 
ammonium was determined with a spectrophotometer at 660 nm and expressed as µg N-
NH4+ g-1 soil h-1. Arylamidase (EC 3.4.11.4) activity was determined by the method 
described by Acosta-Martínez (2000). One g air dried soil (< 2mm), 3 mL of 0.1M 
THAM buffer (pH=8), 1 mL of 8.0 mM L-leucine--naphthylamide hydrochloride 
(substrate) were combined in a flask and placed in an incubator-shaker at 37C for 1 h. 
The intensity of the resulting red azo compound was measured with spectrophotometer at 
540 nm. The control samples received the 1mL of substrate after incubation. The result 
was expressed as µg β-naphthylamine g-1 soil h-1. 
The method described by Eivazi and Tabatabai (1977) was used to determine acid 
phosphatase (acid P) (EC 3.1.3.2) and alkaline phosphatase (E.C.3.1.3.1) (alkaline P) 
enzyme activities. One g of soil (<5mm), 0.2 mL of toluene, 4 mL of MUB (pH 6.5 for 
assay of acid phosphatase or pH 11 for assay of alkaline phosphatase), 1 mL of p-
nitrophenyl phosphate solution were mixed, sealed, and incubated at 37 C for 1 hour. 




M NaOH, mixed, and the soil suspension filtered.  The yellow color intensity of the 
filtrate was determined with a spectrophotometer at 405 nm. The result was expressed as 
µg pNP g-1 soil h-1. Arylsulfatase (EC 3.1.6.1) enzyme activity was determined according 
to the method described by Tabatabai and Bremner (1970). One g of field-moist soil (<2 
mm), 0.25 mL of toluene, 4 mL of acetate buffer, and 1 mL of p-nitrophenyl sulfate 
solution (0.05 M) were mixed and incubated at 37 C for 1 hour. After incubation, the 
reaction was terminated with 1mL of 0.5M CaC12 and 4mL of 0.5 M NaOH, the soil 
suspension was filtered, and the yellow color intensity of the filtrate was measured with a 
spectrophotometer at 420 nm. The control sample was included for each assay by the 
procedure described above, except 1 mL of p-nitrophenyl sulfate substrate solution was 
added immediately before filtration of the soil suspension. The result was expressed as 
µg pNP g-1 soil h-1. 
Green et al. (2006) method was used to determine the FDA hydrolysis activity in 
the soil. One g of air-dried (sieved <2 mm) soil and 50 mL of THAM buffer (0.1M, 
pH=7.6) and 0.5 mL of 4.9 mM FDA lipase substrate solution was added to all flasks, 
except 0.5 mL acetone was added to the control sample instead of substrate solution. The 
contents were mixed, sealed and incubated at 37C for 3 hr. Two mL of acetone was 
added to all flasks after incubation and same amount of substrate solution was added to 
the control sample. The suspension was filtered and measured with spectrophotometer at 





3.2.5. Phospholipid Fatty Acids (PLFA) and Soil Protein 
Phospholipid fatty acids (PLFA) analysis was conducted at Ward Laboratories, 
Inc. (Lincoln, NE). Briefly, 2 g of lyophilized soil was used to extract the lipids with 9.5 
mL dichloromethane (DMC): methanol (MeOH): citrate buffer (1:2:0.8 v/v) extraction 
solution, then the above extracted solution went through a solid-phase silica column to 
separate the phospholipids from other lipids. The extracted fatty acid methyl esters 
(FAMEs) were estimated with an Agilent 7890A GC equipped with a CP-7693 auto-
sampler and a flame ionization detector (FID). The following fatty acids were used for 
computed for specific notional groups: i-15:0, a-15:0, i-16:0, i-17:0, and a-17:0 were for 
gram positive bacteria; 16:1w7, 17:0cy, 2-OH 16:0, c18:1w7, and 19:0cy were for gram-
negative bacteria; 16:0 10-methyl, 17:0 10-methyl, 18:0 10-methyl for actinomycetes; 
16:1w5, and 20:4w6 for AMF and 18:3w3, c18:2w9,12, and c18:1w9 for saprotrophic 
fungi. The 16:0 fatty acid and the general bacterial indicators 14:0, 15:0, 17:0, and 18:0 
were consider as universal PLFA biomarkers. The PLFA 18:2o6c was used to for fungal 
biomass and FAME 16:1ɷ5 to indicate AMF. The 16:1w5 biomarker can also be detected 
in gram-negative bacteria (Nichols et al., 1987). The bacterial PLFAs was calculated with 
FAMEs 3OH-12:0, a-12-meth-15:0, i-13-meth-15:0, 15:0, 2OH-14:0, i-14-meth-16:0, 
16:1ɷ7c, i-15-meth-17:0, 10-methyl-17:0ɷ8c, 17:0, and 2OH-16:0 based on the bacterial 
standards used. The result was expressed as ng PLFA-C g-1 soil. 
The soil protein content was analyzed based on the protocol from Wright and 
Upadhyaya (1996) and Hurisso et al. (2018). Briefly, 3 g of soil, 24 mL of sodium citrate 
buffer (20 mM, pH=7) were added to a pressure and heat-stable glass screw-top tube and 




tubes were autoclaved for 30 min (121°C, 15 psi) and thereafter cooled to room 
temperature. Two mL of the slurry was transferred to a smaller microcentrifuge tube and 
centrifuged at 10,000 x gravity to remove soil particles. Then 0.1 mL subsample and 2 
mL bicinchoninic acid were mixed and incubated at 37°C for 30 mins and the protein 
concentration of the extract was determined with a spectrophotometer at 562 nm. 
Extractable protein content of the soil was calculated by multiplying the protein 
concentration of the extract by the volume of extractant used and dividing by number of 
grams of soil used. The data was expressed in mg g-1 soil. 
 
3.2.6. Statistical Analysis  
Differences in soil properties between CC and NCC were analyzed using an 
analysis of variance (ANOVA) in the SAS 9.4 (SAS, 2013). Mean values were separated 
using the least square means test when treatments were significant. Data were 
transformed using Box-Cox method as needed (Box and Cox, 1981). Statistical 
differences among treatments were stated significant at α=0.05 level. The relationship 
between soil properties and biochemical and community structures were also determined 
by Pearson’s correlation matrix using SAS version 9.4 (SAS, 2013). 
 
3.3.     Results 
3.3.1.  Soil pH, EC, and Carbon and Nitrogen Fractions 
The effect of different CC managements on soil pH and EC was significant (Table 
3.2). The soil at all sites was weakly acidic, which ranged from 4.85 to 6.94. The soil EC 




managements vary at different farms. Soil pH under CC was decreased by 21.8 and 6.3% 
compared with that under NCC treatment for Site 1 and Site 3, respectively. No 
significant difference was observed between CC and NCC treatment on soil pH for Site 
2. The CC treatment had 30.7 and 20.6% higher soil pH than the NCC for Site 4 and Site 
5. The CC treatment affected soil pH and EC with identical trends at each site, viz. CC 
decreased soil EC at Site 1 and Site 3, increased soil EC at Site 4 and Site 5, but causes 
no differences at Site 2. The MBC and MBN contents as affected by different CC 
management at all sites are also summarized in Table 3.2. The MBC and MBN contents 
were higher in CC compared to the NCC treatments for all the farms, except for Site 1. 
There were no significant changes in MBC and MBN contents due to the CC 
management at Site 1. The MBC and MBN under CC treatment were 0.4, 0.5, 0.9, 0.9, 
3.6 and 2.28 times greater than the NCC for Site 2, Site 4, and Site 5, respectively. At 
Site 3, the MBC content under CC management was 90.5% higher than that under NCC 
treatment. However, the CC treatment did not have a significant influence on MBN.  
The impacts of different CC management practices on soil water-extractable C 
and N fractions are presented in Figure 3.1 and Figure 3.2. Cover crops, in general, 
increased the CWC and CWN at all the sites, however, differences were not always 
significant. At Site 1, the concentration of CWC was significantly higher under NCC 
treatment than the CC. However, CWN was not affected by the CC at this site (Figure 
3.1). The CC treatment had 28, 84, 96.4, and 84.9% higher CWC and CWN 
concentration compared to the NCC at Site 2 and Site 5, respectively. No difference was 
detected between CC and NCC treatments in terms of CWC and CWN at Site 3 and Site 




sites except Site 2. Similar trend was observed for the HWN except for the Site 2. The 
CC increased the HWC and HWN by 0.4, 0.6, 0.4, 0.5, 1.3, 1.5, 1.5 and 1.8 times as 
compared to that of NCC treatment for Site 1, 3, 4 and 5, respectively. However, for Site 
2, the NCC had higher HWC and HWN contents compared with the CC treatment, 
although, the differences were not always significant. 
 
3.3.2. Soil Enzyme Activities 
Impacts of CC management on soil -glucosidase, urease, arylamidase, acid 
phosphatase (acid P), alkaline phosphatase (alkaline P), arylsulfatase and fluorescein 
diacetate (FDA) activities at 0-5 cm depth are shown in Table 3.3. In general, long-term 
(20-year) CC performed better in improving all enzymes activates. Data showed that 
there was a clear trend that CC at all sites had greater -glucosidase content than NCC, 
however, the significant difference was only observed at Site 4 and 5, where the -
glucosidase content under CC treatment was 1.2 and 0.9 times greater than that under 
NCC, respectively. The CC treatment significantly increased urease activity than the 
NCC for Site 1, Site 3 and Site 4. However, no significant differences in urease activity 
were observed between CC and NCC treatments at Site 2 and Site 5. The arylamidase 
activities were lower in CC than that in NCC treatment at Site 1, however, CC increased 
arylamidase activity compared to the NCC for Site 4 and Site 5. The CC effect on 
arylamidase activity was not distinct at Site 2 and Site 3, viz. the mean values of 
arylamidase activities were not statistically different in CC and NCC treatment. Cover 
crops significantly impacted the phosphorus cycling (acid P and alkaline P) at all sites 




24.4 and 38.3% greater than those under NCC, respectively. At Site 3, the CC had higher 
value of acid P compared with the NCC treatment, whereas, lower value of alkaline P 
was observed in CC treatment. The acid P and alkaline P activities were improved by 1.5, 
4.1, 0.7 and 1.5 times with the addition of CC management practices compare to the NCC 
treatment at Site 4 and Site 5, respectively.  
With respect to arylsulfatase, there was an obvious trend that the arylsulfatase 
value was greater under CC treatment than that under NCC treatment at 4 out of 5 sites, 
although the difference was not significant at Site 3 (Table 3.3). At Site 2, Site 4 and Site 
5, the CC increased the arylsulfatase enzyme activity by 0.3, 0.8 and 3 times compared 
with NCC treatment, respectively. The FDA activity was increased under CC treatment at 
4 out of 5 sites, and it was not statistically different for Site 2. The CC treatment recorded 
the greater FDA activity compared with NCC for Site 1 (30%), Site 4 (71.1%) and Site 5 
(83.3%), and lower activity for Site 3 (64%). 
 
3.3.3.   Phospholipid Fatty Acid (PLFA) and Soil Protein 
Impacts of different CC management practices on soil PLFA analysis at 0-5 cm 
depth are presented in Table 3.4. Generally, the presence of CC improved total biomass, 
total bacterial, total fungi, gram-positive bacteria, gram-negative bacteria, AMF, 
actinomycetes and saprophytes in the soil compared to NCC, while the significant 
differences were only observed at Site 4 and 5. In specific, no differences between CC 
and NCC in terms of all PLFA parameters were observed at Site 1 and Site 3. All the 
PLFA parameters showed greater value under CC treatment compared with NCC 




treatment compared to NCC treatment at Site 2. CC treatment at Site 4 and Site 5 
indicated greater total biomass, total bacterial, total fungi, gram-positive bacteria, gram-
negative bacteria, AMF, actinomycetes, and saprophytes as compared with NCC 
treatment. Higher soil protein contents were presented at most of the sites in this study, 
although the differences were not always significant. Cover crops increased soil protein 
content by 36.2, 48.8 and 75% compared with NCC treatment at Site 1, Site 3 and Site 4, 
respectively, but no significant differences between CC and NCC were observed at Site 2 
and Site 5 (Figure 3.3). 
 
3.3.4.   Pearson Correlation Analysis 
 Pearson correlation analysis between soil physicochemical properties and 
microbial properties are shown in Figure 3.4. Correlation analysis showed soil 
physicochemical properties were positively and significantly correlated with the soil 
enzyme activities (P < 0.05) and microbial communities (P < 0.01). Soil pH was 
significantly correlated with total bacterial, arylamidase, AMF (P < 0.01), urease and 
gram-positive bacterial PLFA contents (P < 0.05). Soil EC was significantly correlated 
with total bacterial, arylamidase, AMF, gram-positive bacterial PLFA contents (P < 
0.05). More than 63% of the variation in the arylamidase activity can be explained by the 
variation of soil pH, EC and HWN content. The content of CWC and soil MBC showed 
positive correlation with soil enzyme activities (P < 0.05) and PLFA profiles (P < 0.01). 
The content of HWN was significantly correlated with soil enzyme activities and PLFA 
biomasses (P < 0.01). There were no selected soil physicochemical properties 






 The present study was conducted on five producer farms, which helped us to 
consider various CC used in corn-based cropping systems under different locations with 
the corn-soybean as the major crop rotation of the region. Compared with the 
experimental farm only design, the on-farm design helped to include large variations of 
the cover cropping duration in the corn-based cropping systems. Soil data collected in 
this study were compared for the individual sites at different treatments, yet we did not 
compare the data for different cropping systems or across the sites. Producers in the 
region adapt CC from year to year depending upon the crop rotations, soil conditions, 
weed pressure and the weather. Soil moisture is the prime deciding factor for the use of 
CC in the study region. Producers of the study region started showing an increased 
interest in growing multispecies CC in traditional corn and soybean rotations. Our 
findings showed the CC significantly affect the soil health, and that longer duration with 
no-till systems enhances the soil health.  
 
3.4.1. Cover Crop Influences on Soil pH, EC, and Labile C and N Fractions 
Data showed that CC caused a reduction in soil pH and EC at Site 1 and Site 3 but 
increased these soil parameters for Site 4 and Site 5, and no distinctions at Site 2. 
Variations in soil pH and EC at all sites except Site 2 presumably were due to the 
addition of CC which can alter the soil organic matter content, and different 
decomposition rate under various cropping systems with dissimilar weather condition; 




therefore resulting in quantity changes in soil cation and anion (Vanzolini et al., 2017). 
No significant changes in soil pH and EC at Site 2 may be attributed to the higher natural 
buffer capacity. Studies conducted on a sandy loam soil in Denmark reported by 
Abdollahi and Munkholm (2014) and conducted on a silt loam soil in Alabama reported 
by Nyakatawa et al. (2001) showed that the application of 5-year fodder radish and 2-
year winter rye CC did not impact soil pH, which may contribute to the short duration or 
the wider soil buffer capacity and stronger soil self-regulating ability. Similar result was 
reported by Sharma et al. (2018) that a 3-year CC mixture planted on silt loam soil in 
Nebraska did not impact the soil pH and EC at 0-5 cm depth. 
Data showed that CC enhanced the soil MBC, MBN, CWC, HWC and HWN 
contents for four out of five farm locations, although differences were not always 
statistically different. Microorganisms make a great contribution to the decomposition of 
organic matter and release of plant-available nutrients (Schmidt et al., 2018). The MBC 
and MBN are the most labile living C and N of soil organic matter and work as an early 
indicator of changes in soil C and N (Mbuthia et al., 2015; Moore et al., 2000). The CC 
recorded significantly higher MBC and MBN than the NCC treatment in four out of the 
five study sites, which attributed to the relatively higher biomass (personal 
communication from producer) on the soil surface and belowground. Our results are 
consistent with Zhu et al. (2012) who reported that the MBC and MBN were significantly 
increased by the presence of CC than the NCC treatment. Water-extractable C and N are 
the fractions of labile C and N pools, respectively, those are easily available for 
microorganisms (Gregorich et al., 2000; Sparling et al., 1998). The higher water-




Results from this study showed that CWC and CWN values were increased by the 
presence of a mixture of CC (e.g., at Site 2 and Site 5), because the diverse residues from 
these CC contribute more labile C and N to the soil. The inclusion of CC enhanced the 
HWC and HWN than the NCC treatment for all the study sites except for Site 2.  
 
3.4.2. Cover Crop Impacts on Soil Enzyme Activities    
Cover crops are helpful in altering soil microbial and enzyme activities (Frasier et 
al., 2016; Sanchez et al., 2019b). The activity of soil enzymes can be characterized and 
reflect the microorganism activity and soil quality condition (Benintende et al., 2008; Das 
and Varma, 2010). Results from this study showed that short-term cover cropping (Site 1, 
2, and 3) did not alter the -glucosidase activities. However, the long-term cover 
cropping system (e.g., at Site 4) and short-term cover cropping system with legume and 
grass CC mixture (e.g., at Site 5) increased the -glucosidase activities compared with the 
NCC treatment, which also correlated with the MBC. Similar finding was reported by 
Bandick and Dick (1999) who showed that after integrating CC into the agricultural 
system for 6 years, the -glucosidase activity was increased in cereal or legume CC 
treatment than the winter fallow or continuous fescue due to the increased C inputs from 
CC which can stimulate the microbial activity. Similarly, Dinesh et al. (2004) revealed 
that -glucosidase activity was noticeably enhanced by including an 10-year leguminous 
CC which may attribute to the diversified root system and increased soil organic matter. 
Microbial and enzymatic decomposition and mineralization of organic matter can 
provide the nutrients (N, P, and S) for plant growth and production (Hai-Ming et al., 




CC increased the urease activities than the NCC, expect not statistically different at Site 2 
and Site 5. Arylamidase activities for short-term cover cropping system were not 
consistent, whereas, higher arylamidase activities were shown in the NCC at Site 1, and 
no difference between treatments at Site 2 and Site 3. Long-term cover cropping (Site 4) 
and short-term cover cropping system with legume and grass CC mixture (Site 5) 
significantly enhanced the arylamidase activities those may attribute to the positive 
correlation with the HWN. Similar results were also reported by Bandick and Dick 
(1999) who showed that cereal rye CC increased the urease activity, while legume CC 
(cereal rye/Austrian winter pea or red clover mix) did not enhance it as compared to the 
winter fallow, which may associate with species of CC. A study showed that the adoption 
of either crimson clover, black oat, or the mixture of crimson clover and black oat CC 
treatment significantly enhanced the arylamidase enzyme activity as compared to the 
NCC at 0-5 cm depth (Hamido and Kpomblekou-A, 2009). However, the urease activity 
was greater under crimson clover as compared to the soil from the NCC treatment in no-
till system, while the black oat and the mixture of black oat and crimson clover didn’t 
cause significant changes in urease conents  (Hamido and Kpomblekou-A, 2009). Dinesh 
et al. (2004) indicated that urease and arylsulfatase activities were markedly enhanced by 
integrating 10-year leguminous CC due to the increased soil organic matter, which can 
provide more energy source and more suitable microbial environment for the activity of 
microbes.  
Data from P cycling-related enzymes showed that, in general, the content of acid 
P was several-fold greater than that of alkaline P for all the sites, which may be 




(2004) who demonstrated that acid P activity negatively correlated with the soil pH. 
Cover crop increased the acid P activity than the NCC for all the sites except for Site 1 
where no differences on this activity were observed between CC vs. NCC treatments. 
There was a notable increase in alkaline P due to long-term CC and short-term legume 
and grass CC mixture (Site 5) compared with the NCC treatment. This may be due to the 
reason that increased crop residue from CC left on the soil surface promotes the 
transformation of organic matter into mineral P and increased the P availability (Singh et 
al., 2018). The trend for arylsulfatase enzyme activity was similar to the alkaline P, 
except the difference between treatments was not significant at Site 3. This can be 
partially attributed to the higher turnover of organic sulfur presented in CC than the NCC 
treatment. The CC had a profound effect on FDA at all the sites except Site 2 where the 
short-term cover cropping systems did not show consistent results regarding the FDA. 
Significant increase in FDA due to long-term cover cropping and short-term legume and 
grass CC mixture (Site 5) compared with NCC treatments could be attributed to 
diversified crop roots exudates released to the soil and greater decompose ability of 
organic P compounds generated by the inclusion of CC. This finding was consistent with 
a study conducted in Salta, Argentina by Brandan et al. (2017) who demonstrated that the 
FDA and acid phosphatase activities were enhanced by including a 6-year of B. brizantha 
as CC than the NCC treatment which may contribute to the greater mineralization of 
organic matter rate and enhanced roots exudates through the implementation of CC. 
Similar results were also reported by Chavarría et al. (2016) where they showed an 




mix (oat/radish and oat/radish/vetch) as compared to the NCC treatment with a Luvic 
Phaeozem dominated soil under the no-tillage system. 
 
3.4.3. Cover Crop Impacts on Soil Microbial Community Structure   
Short-term (Site 1, 2, and 3) cover cropping system did not cause any significant 
variations in the PLFA parameters (total biomass, total bacterial, total fungi, gram-
negative bacterial, AMF, actinomycetes, and saprophytes), except that higher gram-
positive bacterial value was recorded in CC treatment as compared to the NCC. There 
was a significant increase in all PLFA parameters due to the application of long-term 
cover cropping system (Site 4) and short-term  legume and grass CC mixture (Site 5) in 
comparison with the NCC treatment, which may associate with the long-term continuous 
C input from the CC root exudates and crop residue. The person correlation analysis 
results showed there was a positive correlation between labile C (MBC and CWC) and 
total PLFA biomass. The increment of C content by the presence of CC could enlarge the 
abundance of soil microbial biomass. Similarly, Schmidt et al. (2018) reported that CC 
results in a higher increase in total bacterial and make changes in the soil microbial 
community. Studies indicated that the abundance of total fatty acid methyl ester, gram-
positive bacteria, gram-negative bacteria, actinomycetes, AMF, saprophytic fungi, and 
protozoa were improved significantly at 0-5 cm depth under flax, oat, pea rapeseed or 10-
species CC mixture as compared with control (NCC) at CC termination which attributes 
to the living roots stimulate the microbial activity (Calderon et al., 2016). Compared to 
the NCC treatment, Chavarría et al. (2016) found that the total bacterial PLFA and the 




and soybean-corn rotations after a 3-year CC mix (oat/radish and oat/radish/vetch) 
application in Buenos Aires, Argentina. Similarly, Mbuthia et al. (2015) also reported 
that the richness of gram-positive bacteria was greater by including the legume CC hairy 
vetch than the control (NCC) treatment which may contribute to the legume CC hairy 
vetch increased N and C concentration to the soil. Similar results were also found in a 
study conducted on sandy loam soil in La Pampa, Argentina which showed a significant 
increase in gram-positive bacteria under either rye CC or a mixture of rye and vetch CC 
relative to the NCC treatment, but the abundance of total bacterial, fungi and gram-
negative bacteria were almost similar among all the treatments (Frasier et al., 2016).  
 
3.4.4. Cover Crop Impacts on Soil Protein  
Cover crops increased the soil protein content compared with the NCC treatment 
for all the sites, however, significant differences were observed only at Site 1, Site 3, and 
Site 4. Higher soil protein content under CC treatment may be caused by stimulation of 
microbial activity with the long-term presence of CC. Besides the length of CC 
cultivation, the enhancement of soil protein also associated with the species of CC; grass 
CC (barley) increased the quantity of glomalin related soil protein than the NCC 
treatment, but not for legume CC (vetch) (García-González et al., 2018; García-González 
et al., 2016). Besides, released anti-fungal compounds from Brassicaceae (radish and 
turnip) roots impeded the production of glomalin-related soil protein by AMF can be 
another reason to minimize the differentiation in soil protein content between CC and 




In general, short-term winter rye and CC mixture at Site 1, 2, and 3 did not show a 
consistent effect on soil enzyme activity and PLFA biomass. This may be partially 
attributed to various reasons that include: different weather and moisture contents at each 
site, different fertilizer management at these sites causing different C:N ratios and leading 
to different decomposition rate, different types of CC and different CC management 
(seeding rate, date, depth) resulting different amount of biomass and allow CC have 
different duration to decompose and release nutrients (Romdhane et al., 2019). The long-
term winter rye CC increased the soil enzymes, soil community structure and abundance, 
and soil protein content by producing large amounts of residue and increasing AMF 
(Finney et al., 2017). The short-term legume-grass CC mixture at Site 5 had a similar 
effect trend as long-term winter rye CC which may contribute to the increased N in the 
soil enhance the decomposition rate and shorter the OM turnover rate. 
 
3.5. Conclusions 
This study investigated the impacts of CC management used in different cropping 
rotations on soil health indicators at five different farms. This on-farm study included 
various CC practices in the real-farm settings to include various cropping systems and the 
duration of the CC that are common in the study region. We observed that CC 
significantly enhanced soil health indicators, however, major significant impacts were 
observed when CC was used for at least six or more years.  
Data showed that long-term cover cropping (>6 years) generally improved all the 
selected enzyme activities which involves in C, N, P and S cycling, shifted microbial 




turnover, and the soil microbial biomass. We reported that the soil health of the farms 
with CC was improved compared to the farms that did not use CC. Cover crops (winter 
rye, legume and brassica mixture) for shorter duration (3 to 6 years) did not cause any 
significant changes in the microbial community structure. Similarly, the enzyme 
activities, microbial biomass, C and N fractions response to the short-term cover cropping 
practices were not consistent. Our study showed that CC incorporation and the diverse 
rotations are the key to soil health, and suggest a higher crop diversity, use of no-till 
systems for enhancing the soil health. This study provides compelling evidence that a 
long-term application of winter rye CC or multispecies legume-grass CC mixture can 
have a beneficial impact in enhancing soil microbial activities and promoting the C, N, S, 
and P cycling, and hence, these CC can be adopted in the Midwest US to improve the soil 
biochemical properties and the soil health. 
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Table 3.1. Basic information of cover crops (CC), soil type, location, crop rotation and 
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†SCL, silty clay loam; CL, clay loam; CS, corn-soybean; CSWw, corn-soybean-winter 




















Table 3.2. Soil pH, electrical conductivity (EC), microbial biomass carbon (MBC) and 
microbial biomass nitrogen (MBN) as influenced by cover crop (CC) and no cover crop 
(NCC) management at 0-5 cm depth for all the sites.  
 
Sites Treatments 
pH EC MBC MBN 
  dS m-1 mg kg-1 mg kg-1 
Site 1 
CC 5.39b† 0.15b 503.1a 54.4a 
NCC 6.89a 0.22a 508.7a 63.1a 
Site 2 
CC 4.85a 0.17a 627.6a 64.6a 
NCC 5.19a 0.17a 452.6b 43.3b 
Site 3 
CC 6.50b 0.19b 556.4a 64.5a 
NCC 6.94a 0.53a 292.1b 44.2a 
Site 4 
CC 6.64a 0.37a 708.8a 81.8a 
NCC 5.08b 0.13b 371.3b 43.1b 
Site 5 
CC 6.04a 0.22a 767.2a 44.3a 
NCC 5.01b 0.10b 166.7b 13.5b 
†Mean values within the same column followed by different small letters are 
































Table 3.3. Soil enzyme activities as influenced by cover crop (CC) and no cover crop 
























  g pNP  
g-1 h-1 








CC 10.1a† 80.0a 5.62b 549a 177a 93.9a 0.13a 
NCC 8.39a 48.4b 10.8a 509a 237a 109a 0.10b 
Site 
2 
CC 11.3a 43.3a 2.48a 887a 206a 62.9a 0.15a 
NCC 9.68a 37.5a 2.47a 713b 149b 50.2b 0.14a 
Site 
3 
CC 8.71a 72.4a 11.8a 555a 245b 130a 0.04b 
NCC 7.95a 42.6b 15.2a 394b 311a 116a 0.11a 
Site 
4 
CC 11.4a 197a 19.5a 1073a 518a 174a 0.12a 
NCC 5.15b 30.1b 0.90b 424b 102b 94.5b 0.07b 
Site 
5 
CC 9.59a 33.3a 9.99a 646a 138a 82.2a 0.11a 
NCC 5.17b 40.7a 0.53b 382b 54.2b 20.3b 0.06b 
†Mean values within the same column followed by different small letters are 
significantly different at p<0.05 between treatments for each site. FDA, Fluorescein 























Table 3.4. Total biomass, total bacterial, total fungi, gram-positive (+ve) bacterial, gram-
negative (-ve) bacterial, arbuscular mycorrhizal fungi (AMF), actinomycetes, and 
saprophytes PLFA (phospholipid fatty acid) biomass as influenced by cover crop (CC) 


















----------------------------------ng PLFA-C g-1 soil---------------------------------- 
Site 
1 
CC 5667a† 2756a 578a 1604a 1152a 170a 509a 408a 
NCC 5255a 2684a 636a 1519a 1165a 193a 545a 443a 
Site 
2 
CC 4661a 2282a 347a 1461a 821a 104a 414a 243a 
NCC 4043a 1850a 305a 1142b 708a 95.8a 336a 209a 
Site 
3 
CC 4875a 2545a 542a 1639a 906a 172a 566a 370a 
NCC 3684a 2056a 347a 1293a 763a 127a 458a 220a 
Site 
4 
CC 9127a 5150a 863a 3522a 1628a 329a 1364a 534a 
NCC 4074b 2225b 385b 1362b 862b 139b 439b 246b 
Site 
5 
CC 6235a 3161a 706a 1827a 1334a 192a 552a 514a 
NCC 2397b 1026b 76.8b 773b 253b 21.6b 206b 57.0b 
†Mean values within the same column followed by different small letters are significantly 








Fig. 3.1. Cold water-extractable carbon (CWC, A) and cold water-extractable nitrogen 
(CWN, B) contents at 0-5 cm depth under cover crop (CC) and no cover crop (NCC) 
treatments for five different study sites. Within the same site, different letters represent 








Fig. 3.2. Hot water-extractable carbon (HWC, A) and hot water-extractable nitrogen 
(HWN, B) contents at 0-5 cm depth under cover crop (CC) and no cover crop (NCC) 
treatments for five different study sites. Within the same site, different letters represent 






Fig. 3.3. Soil protein content at 0-5 cm depth under cover crop (CC) and no cover crop 
(NCC) treatments for five different study sites. Within the same site, different letters 





































Fig. 3.4. Pearson correlation analysis between soil physicochemical properties and 
microbial properties. Note: EC, electrical conductivity; CWC, cold-water extractable 
carbon; CWN, cold-water extractable nitrogen; HWN, hot-water extractable nitrogen; 
MBC, microbial biomass carbon; Betaglu, -glucosidase; Acid P, acid phosphatase; 













 CHAPTER 4 
 ROOT CHARACTERISTICS AND NUTRIENTS STORAGE RESPONSE TO 
THE MANAGEMENT OF CROP DIVERSITY 
ABSTRACT 
Increasing crop diversity in cropping systems has been considered as an implementable 
practice to enhance crop production and improve soil health. Crop root characteristic is a 
critical component of crop growth, nutrient uptake, and crop yield, additionally, crop 
roots play an important role in providing carbon, and nutrients which cause soil chemical, 
physical, and biological environmental changes. However, the impacts of crop diversity 
on crop root property and its impact on multi-elements (macronutrients and 
micronutrients) analysis of crop grain and biomass are not well documented. The 
objective of this study was to assess the impacts of crop rotation on crop yield, root 
characteristics (root length density, root biomass, root-shoot ratio) and nutrients (P, S, K, 
Ca, Mg and Zn) storage in crop biomass and crop grain under the no-tillage system. The 
experiment was established in 2000 at the Eastern South Dakota Soil and Water Research 
Farm near Brookings, SD. The experimental design was a randomized complete block 
design with 4 replications. The rotation treatment was for comparing 4-yr diverse crop 
rotations to a 2-yr traditional crop rotation. The rotations are: corn (Zea mays L.)-soybean 
[Glycine max (L.) Merr.]-spring wheat (Triticum aestivum L.)-pea (Pisum sativum L.) 
(CSSwP), corn-pea-winter wheat-soybean (CPWwS), corn-oat (Avena sativa L.)-winter 
wheat-soybean (COWwS), corn-soybean-spring wheat-sunflower (Helianthus annuus L.) 
(CSSwSf), and corn-soybean (CS). The diverse crop rotations had significant effects on 




showed that CSSwP rotation had lower corn root biomass, corn root length density at first 
two depths (0-15 and 15-30 cm), and total root length density at anthesis but resulted in 
greater corn yield compared with other rotations. The yield of corn and soybean in CS 
rotation was the lowest in contrast with that in diverse crop rotations. No significant 
difference in nutrient storage in crop grain among crop rotations, but a slight difference 
was found in crop biomass. In general, the finding of this study suggested that the 
extended crop rotations had greater corn and soybean yield and a greater amount of 
nutrient (K) content in corn biomass, especially in CSSwP rotation. 
Keywords: Crop rotation, crop yield, root length density, dry shoot biomass, root 
biomass, root-shoot ratio, macronutrients, and micronutrients 
 
4.1. Introduction 
Increasing crop diversity in cropping systems has been considered as an 
implementable practice to enhance crop production and improve soil health (Hazra et al., 
2019; Wang et al., 2020; Zhao et al., 2020). Diverse crop rotation is one of the 
managements that has the potential to maximize the use of nutrients in different soil 
profile through different crop root systems. It can also make full use of various kinds of 
mineral nutrients according to the requirements of different crops. Diverse crop 
management through the interaction between crop roots, microbes, and soil to alter 
carbon accumulation, nutrient, and water flow and uptake, microbial richness (Peralta et 
al., 2018) and therefore, improving the nutrient using efficiency (Horst and Härdter, 
1994), soil structure (Munkholm et al., 2013), soil health (Karlen et al., 2006; Van Eerd 




2017). The disease risk in diverse crop systems could be decreased by altering the root 
exudates and resulted in different quality and quantity of microbes. 
The role of crop root in agricultural cropping systems are including but not 
limited to providing carbon, capturing nutrients for crop growth, regulating water and 
nutrients movement, and associating with microorganisms to balance soil chemical, 
physical and biological changes of the soil environment (Brant et al., 2006; Lynch, 1995; 
Officer et al., 2009; Palta and Watt, 2009). Differences in the root distribution and 
architecture of various types of crops are mainly attributed to their genotypic 
discrepancies (O'toole and Bland, 1987). Apart from the intrinsic differences, crop 
management (such as crop rotations) can also influence the crop root growth and 
development (Nickel et al., 1995) by altering soil pH (Gahoonia and Nielsen, 2004), 
porosity, soil aeration (Fageria and Moreira, 2011), moisture (Benjamin and Nielsen, 
2006; Manschadi et al., 2006), nutrient content (Liu et al., 2008; Razaq et al., 2017) and 
microbial community (Hodge et al., 2009), etc.  
Understanding the root characteristics will help producers better manage their 
crops and land more efficiently. Dry shoot biomass is a measure of crop biomass and can 
be used as an important index to estimate crop yield (Golzarian et al., 2011). Root 
biomass and root length density are important factors that impact the water and nutrients 
flow, and impact the changes of surrounding soil properties and crop yield (Atta et al., 
2013; Bardgett et al., 2014). Root/shoot ratio is a vital index to reflect the nutrient 
availability in the soil, nutrients in the soil are supplied preferentially to the crop shoots 
rather than their roots when nutrient deficiencies occur (ÅGREN and Franklin, 2003). 




(root length density, root diameter and root biomass distribution) (Anderson, 1987;1988; 
Postma et al., 2014). Soil nutrients impact the quality of the crop root system and root 
development. Different crops have different requirements for macronutrients and 
micronutrients. Macronutrients and micronutrients are essential for root growth and 
development, balance crop nutrition and influence crop growth (Tavakoli et al., 2014). 
The analyses of crop grain nutrients (macronutrients and micronutrients) and crop 
biomass nutrients are vital to estimating the market value and nutritional value of the 
grain. Furthermore, it’s one of the crucial factors when effectively managing soil fertility 
as it could tell the content of nutrients was removed from the crop grain and biomass and 
it’s an indicative factor for the subsequent application of nutrients (Houx III et al., 2014).  
Previous studies have focused on the variability on root characteristics of some 
crops and its relationships with yields, such as chickpea (Cicer arietinum L.) (Kashiwagi 
et al., 2006), mung bean (Vigna radiate L. Wilczek) (Khajudparn et al., 2012), and 
peanut (Arachis hypogaea L.) (Junjittakarn et al., 2014). Some researches focused on the 
root distribution of corn and soybean under the intercropping system (Gao et al., 2010; 
Ren et al., 2017) or wheat (Aziz et al., 2017; Hayashi et al., 2013; Nakhforoosh et al., 
2014). Some other experiments investigated multi-elements (Fe, Zn, Mn, Cu, Ca, Mg, K, 
P) and protein content of wheat grain (Zhang et al., 2010) and corn grain yield (Ciampitti 
et al., 2013; Heckman et al., 2003), Fe, Zn and their relationship of wheat grain yield (Liu 
et al., 2014). However, quite fewer studies focused on a comprehensive picture of crop 
management on the root distribution of multiple crops, and multi-elements 
(macronutrients and micronutrients) analysis of crop grain and biomass under the no-till 




flow process are not well documented. Therefore, the objective of this study was to assess 
the influences of diverse crop rotation on crop yield, the distribution of root biomass, root 
length density, and nutrients uptake and availability under the no-tillage system.  
 
4.2. Materials and Methods 
4.2.1. Study Site Description 
This study was conducted in a long-term no-till cropping system located at the 
Eastern South Dakota Soil and Water Research Farm near Brookings, SD (4419’ N, 
9646’W). The experiment was established in the fall of 2000 on a Barnes clay loam soil 
(fine-loamy, mixed, superactive, frigid calcic Hapludoll). Average 30 years (1981-2010) 
temperature and annual precipitation were 6.3 C and 622 mm. The experimental design 
was a randomized complete block design with four replications with each crop phase 
present in each year. Five different cropping systems were included: 1) corn (Zea mays 
L.)-soybean [Glycine max (L.) Merr.]-spring wheat (Triticum aestivum L.)-pea (Pisum 
sativum L.) (CSSwP), 2) corn-pea-winter wheat-soybean (CPWwS), 3) corn-oat (Avena 
sativa L.)-winter wheat-soybean (COWwS), 4) corn-soybean-spring wheat-sunflower 
(Helianthus annuus L.) (CSSwSf), and 5) corn-soybean (CS). Each plot was 6-m wide by 
15-m long in size with 4 replications. Half of each plot was gathered for grain yield 
estimation. Nutrient fertilizer was applied based on the soil testing results and 
recommendations after harvesting. An appropriate amount of herbicide was applied as 
needed. Detailed agronomic information for all crops in the growing season of 2017 and 





4.2.2. Root Sample Analysis 
Corn, soybean, and sunflower were planted at seeding rates at 50-cm row spacing 
and spring wheat, winter wheat, pea, and oat were planted at 19-cm row spacing. Root 
sample was collected at the anthesis stage (Osborne et al., 2020) of each crop in the year 
2017 and 2018. Three soil core samples (in crop row, in the middle of two crop rows and 
a quarter of row) were collected in each plot with soil hydraulic probe (diam. 3.2-cm; 
Giddings Machine Co., Windsor, CO) up to 120-cm, then the soil was divided into 6 
depths (0-15, 15-30, 30-45, 45-60, 60-90 and 90-120 cm) and kept in separate bags. 
Roots were isolated from soil with hydropneumatic root washer (Gillison’s Variety 
Fabrication, Benzonia, MI) and kept in ethanol-water (3:7 v/v) solution pending for 
scanning with Epson perfection V700 photo scanner. The resulted images were processed 
and analyzed using WinRHIZO software (Regent Instruments, CA) and then digitizing 
visualized pictures for further root length density calculation. The root length density was 
calculated as:  
Root length density (cm cm-3) = 
 root length (cm) 
soil volume (cm3)
               Soil volume (cm3) = 
r2d 
where, r is the inner radius of the soil probe, d is each soil depth. Root samples were 
separated from ethanol-water solution with fine metric test sieve and oven-dried at 60 C 
until constant dry weight. Root biomass was recorded separately for each depth, however, 
root biomass for the last two depths (60-90 and 90-120 cm) was combined as there was 





4.2.3. Nutrient Analysis Within Crop Biomass and Grain  
Three crop shoot samples were additionally collected in each plot within the same 
row with 0.5 m interval distance as above-ground crop biomass at the same time when 
taking root samples. Crop shoot samples were kept in paper bags, and then oven-dried at 
60 ºC to get the dry biomass weight and converted into kg ha-1. The achieved oven-dry 
biomass sample was ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) then 
subsamples passed through <1-mm screen with a Udy Cyclone mill (Seedburo 
Equipment Corporation, Fort Collins, CO) for nutrient (P, S, K, Ca, Mg and Zn) analysis. 
The crop grain was harvested with a plot combine (Massey Ferguson 8-XP; Kincaid 
Equipment Manufacturing, Haven, KS) and the grain was air-dried, ground with Knifeted 
1095 sample mill (FOSS A/S, Hillerød, Denmark) for nutrient (P, S, K, Ca, Mg and Zn) 
analysis. A small portion of the ground samples (0.2-g for both biomass samples and 
grain samples) were digested with 20-mL concentrated nitric acid (HNO3) through 
microwave-assisted digestion (Mars-X Extraction Unit, CEM Corporation, Matthews, 
NC). The above-digested solution was filtered into a 100-mL volumetric flask through 
Whatman No. 1 filter paper to separate the residue. Then fill the volumetric flask with E-
pure water to the tick mark, mix the content and analyzed it with Inductively Coupled 
Plasma –Optical Emission (ICP–OES) (Optima 8300, Perkins Elmer Inc., Shelton, CT) to 
obtain P, S, K, Ca, Mg and Zn content.  
 
4.2.4. Statistical Analysis 
Data for all parameters were analyzed using PROC GLIMMIX procedure in SAS 




replication, and location were considered as random effects. The outlier was detected and 
removed from the data set by using studentized residue and log transformation was used 
before data analysis when needed to reduce the skewness of data and make sure the 
transferred data follow a normal distribution. Within each crop, the means were separated 
by Tukey’s test using the statistical significance level of p< 0.05 in this study to evaluate 
the crop rotation effect on crop yield, dry shoot biomass, macronutrients and 
micronutrients in crop grain and biomass, root biomass, root length density, total root 
length density and root-shoot ratio over the studied period (2017-2018).  
 
4.3. Results and Discussion 
4.3.1. Precipitation and Air Temperature 
Monthly averaged of precipitation (mm), maximum air temperature (C), and 
minimum air temperature (C) during 2017 and 2018 were shown in Fig. 4.1. The 
distribution of precipitation in 2017 and 2018 was different. Abundant precipitation was 
evenly distributed in May, July, August, and September in 2017. However, in 2018, 
precipitation mainly occurred in June, July, August, and September. Precipitation in 
August and September of 2018 was close to that of in 2017. Precipitation in May of 2018 
was one-third of the precipitation in 2017, and precipitation in June and July was twice as 
much as that in 2017. The maximum and minimum air temperature trends in 2017 and 





4.3.2. Crop Grain Yield and Dry Shoot Biomass  
Diverse crop rotations affected crop yields, although the effect varied among crop 
species (Table 4.2). The effects of crop rotation on sunflower and oat yields were not 
detected as sunflower and corn were only presented once in CSSwSf and COWwS, 
respectively. The obvious crop rotation effects were observed in corn, soybean, winter 
wheat, and pea, but not in spring wheat. Corn yield in CSSwP and COWwS rotations 
were the highest among all five crop rotations. In general, four 4-yr diverse crop rotations 
had higher corn yield than the 2-yr CS rotation. Our results are consistent with Stanger 
and Lauer (2008) who reported that corn grain yield was increased in the 5-yr diversified 
crop rotation systems than that in 2-yr corn-alfalfa rotation and continuous corn plots 
over 35 years. Similarly, Sindelar et al. (2016) also found that 4-yr diversified corn-
oat/clover-sorghum-soybean and corn-soybean-sorghum-oat/clover generally improved 
corn yield, but not significant in each year. Corn yields in CSSwP, COWwS, CPWwS, 
and CSSwSf rotations were 55.3%, 38.8%, 26.2%, and 16.3% higher than that in CS 
rotations, respectively, even though the differences between CSSwSf and CS rotations 
were not statistically different. This result reflected that corn yields better when following 
pea and soybean than sunflower in diverse crop rotations. 
Four 4-yr diverse crop rotations increased soybean yield compared to 2-yr CS 
rotation, although significant differences were only shown in the comparison of COWwS 
vs. CS, and CPWwS and CS. Relevant to our results, Kazula and Lauer (2018) conducted 
a study in Wisconsin to identify the crop rotation impacts on corn yield and biomass 
production and found that extended CS rotation with wheat had greater soybean yield 




the numbers of legume, and winter wheat produced better yield in CPWwS rotation than 
in COWwS rotation. In accordance with this result, Peoples et al. (2009) and Miller et al. 
(2003) also demonstrated that the yield of the subsequent crop can be improved by 
introducing legumes into cropping systems. The results also suggested that compared to 
the preceding crop of small grain (oat), the preceding crop of pea leading to better winter 
wheat yield. This also accords with the previous findings, which showed that pea as 
preceding crop increased wheat yield compared with the small grain (wheat) as a 
preceding crop (Stevenson and Kessel, 1996). Pea had 63.7% higher yield in CSSwP 
rotation compared to that in CPWwS rotation, which showed that compared with corn as 
a precursor, spring wheat as a precursor can increase pea yield. 
Dry shoot biomass responses to different crop rotations at anthesis were presented 
in Table 4.3. In general, the quantity of dry shoot biomass for corn, soybean, spring 
wheat, winter wheat, pea, sunflower, and pea during their anthesis was different which 
was associated with the differences in crop varieties. The results in this study showed that 
the dry shoot biomass of sunflower and corn were the greatest followed by winter wheat 
and oat, and the dry shoot biomass of spring wheat, pea, and soybean was the least. The 
effects of crop rotation on sunflower and oat dry shoot biomass at anthesis were not 
detected as sunflower and corn were only presented once in CSSwSf and COWwS, 
respectively. No crop rotation effect on dry shoot biomass of spring wheat, winter wheat, 
and the pea was observed. The effect of crop rotations on corn and soybean were 
significant. The four 4-yr diverse crop rotations had greater dry shoot biomass of corn 
than that of CS rotation, but no differences among 4-yr diverse crop rotations. The corn 




29.2 % greater than that in CS rotation, respectively. The speculate was that the increased 
nutrient use efficiency in the diverse crop rotation promoted the shoot biomass growth. 
The COWwS rotation (1646 kg ha-1) had the greatest dry shoot biomass of soybean and 
CS rotation (1242 kg ha-1) had the lowest dry shoot biomass of soybean among all the 
rotations. However, the differences of soybean shoot biomass among four 4-yr diverse 
rotations were not significant, and the differences of soybean shoot biomass among 
CPWwS, CSSwP, CSSwSf, and CS rotations were not significant either.  
 
4.3.3. Macronutrients and Micronutrients in Crop Grain and Biomass  
The results of crop rotation effect on crop grain macronutrients [phosphorus (P), 
sulfur (S), potassium (K), calcium (Ca), magnesium (Mg)], and micronutrients (zinc, Zn) 
were shown in Table 4.4. Within each crop (corn, soybean, spring wheat, winter wheat, 
and pea), there was no significant difference in crop grain P, K, Ca, Mg and Zn among all 
five crop rotations. Crop rotation significantly influenced the S concentration in corn 
grain, but not the S concentration in soybean grain, spring wheat grain, winter wheat 
grain, and pea grain. Although the amount of S content removal from corn grain was 
minimal, it varies significantly between different rotations.  Results showed that CSSwP 
had the highest S concentration (0.08 mg L-1) in corn grain and CSSwSf had the lowest S 
concentration (0.02 mg L-1) in corn grain. The COWwS, CPWwS and CS rotations had 
intermediate S concentration values (ranged from 0.03 to 0.05 mg L-1). It suggested that 
compared with soybean and sunflower as the preceding crop, pea as the preceding crop 




conducive to increasing the S content in corn grain. Compared to nutrients removal from 
crop grain, more nutrients were removed from crop biomass. 
The results of crop rotation effect on crop biomass macronutrients (P, S, K, Ca, 
Mg) and micronutrients (Zn) were presented in Table 4.5. Within each crop (corn, 
soybean, spring wheat, winter wheat, and pea), there was no significant difference in crop 
biomass P and Zn among all five crop rotations. Crop rotation significantly impacted the 
S concentration in corn biomass, soybean biomass, and pea biomass, but not the S 
concentration in spring wheat biomass and winter wheat biomass. The S concentration in 
corn biomass under CS rotation was the highest which was 37.5% higher than that under 
COWwS rotation with the lowest value. The S concentration in soybean biomass under 
CS, CSSwP, and CSSwSf rotation was 19.0%, 19.0%, and 14.3% higher than that under 
COWwS rotation, which indicated that corn as the preceding crop increased S content in 
soybean as compared to winter wheat as the preceding crop via less S content in COWwS 
was removed from biomass harvest. The S concentration in pea biomass under CSSwP 
rotation was increased by 16.7% than that under CPWwS rotation. 
A significant crop rotation effect on the K concentration in corn and soybean 
biomass was observed (Table 4.5). The K concentration in corn biomass under COWwS 
and CSWwS rotation was noticeably higher than that under CS rotation, which 
demonstrated that when corn followed the same proceeding crop (soybean), the two 4-yr 
diverse crop rotation increased the K content in corn biomass compared to the 2-yr CS 
rotation. The K concentration in soybean biomass was also affected by crop rotations. 
Results showed that soybean following winter wheat (COWwS and CPWwS) had 




CSSwSf, and CS), although the obvious increase was only in the comparison of COWwS 
and CSSwP and the comparison of COWwS and CS. There were no rotation impacts on 
spring wheat, winter wheat, and pea biomass regarding the K concentration. The 
influence of crop rotation on Ca concentration in corn and pea biomass was significant, 
however, the crop rotation influenced the Ca concentration in a similar manner in the 
biomass of other crops (soybean, winter wheat, and spring wheat) (Table 4.5). The 
influence of crop rotation on the concentration of Ca and S in corn biomass was 
consistent, that is, CS rotation had the highest Ca and S concentration in corn biomass 
which followed by CPWwS, CSSwP, and CSSwSf. It also suggested the synergism of 
these two elements (Ca and S) in corn biomass. Besides, COWwS rotation had the lowest 
Ca and S concentration in corn biomass among all the rotations. The S, Ca, and Mg 
concentration in pea biomass response to crop rotation effect in the same way, which 
means CSSwP rotation had considerably higher S, Ca, and Mg concentration in pea 
biomass than CPWwS rotation. Moreover, the effect of crop rotation on Mg 
concentration in corn biomass and soybean biomass was recorded. The Mg concentration 
in corn biomass under CS and CSSwSf rotation was 35.5% and 27.4% higher than that 
under COWwS rotation. The Mg concentration in soybean biomass under COWwS 
rotation was 19.9%, 17.1%, and 20.3% lower than that under CSSwP, CSSwSf, and CS 
rotation, respectively. All nutrients (P, S, K, Ca, Mg, and Zn) in spring wheat biomass 





4.3.4. Root Biomass Distribution  
Root biomass for each crop response to crop rotations at 0-15, 15-30, 30-45, 45-
60, and 60-120 cm depths was presented in Table 4.6. The profound effect of crop 
rotation on corn and soybean root biomass was mainly at 0-15 and 15-30 cm depths. This 
presumably due to nutrient stratification caused by the distribution of nutrients from plant 
residue and fertilizers on the soil surface. The corn root biomass under CSSwP rotation 
was the lowest among all the rotations at 0-15 and 15-30 cm depths, although the 
difference between CSSwP and CPWwS was not significant. It indicated that relatively 
corn following pea (CSSwP) had less root respiration consumption than following 
soybean and sunflower at corn following stage, more nutrients were used to supply shoot 
growth, surprisingly, the shoot biomass was not significantly different across all diverse 
crop rotations, it can be postulate that sufficient nutrients in the soil were not a limiting 
factor for shoot growth. The highest and lowest soybean root biomass was found in 
CSSwSf (0.065 g) and CPWwS (0.020 g) rotation at 0-15 cm depth, no difference in 
soybean root biomass at the other depth regarding crop rotation effect. Spring wheat root 
biomass results showed that spring wheat biomass under CSSwSf rotation was 1.6 times 
greater than that under CSSwP rotation at 45-60 cm depth, and it was twice as much as 
that under CSSwP rotation at 60-120 cm depth. For pea root biomass, the difference was 
only shown at 60-120 cm depth, which is the pea root biomass under CPWwS rotation 
was 1.5 times greater than that under CSSwP rotation. Each crop root biomass averaged 
from all rotation over 2 years (2017 and 2018) was described in Table 4.7. On the whole, 
crop root biomass decreased with depth. The root biomass of winter wheat and oat was 




that of other crops. There was a similar trend for total root biomass averaged for all 
depths. 
 
4.3.5. Root Length Density Distribution  
Root length density for each crop (corn, soybean, spring wheat, winter wheat, and 
pea) response to crop rotations at 0-15, 15-30, 30-45, 45-60, 60-90 and 90-120 cm depths 
was presented in Table 4.8. In general, the root length density for all crops decreased with 
depth. The influence of crop rotation on corn root length density at the top two depths 
and spring wheat root length density at 60-90 cm depth was significant, but not for the 
other crops at all depths. There was an identical trend for corn root length density 
response to crop rotation effect at all depths except at 45-60 cm depth, which the root 
length density of corn under CSSwP rotation was lower compared with the other four 
crop rotations, even though the significant differences were only appeared at 0-15 and 15-
30 cm depths. The root length density and root biomass response to crop rotation effect 
was following an identical trend. It’s interesting to note that there was a negative 
correlation between corn root length density and corn yield. In other words, smaller corn 
root length density and root biomass in CSSwP rotation but leading to a greater corn 
yield (Table 4.2, Table 4.7 and Table 4.8). The CSSwSf rotation had 73.7% higher root 
length density of spring wheat in contrast to CSSwP rotation. 
 Root length density for each crop (corn, soybean, spring wheat, winter wheat, 
pea, sunflower, and oat) averaged from all crop rotations at 0-15, 15-30, 30-45, 45-60, 
60-90 and 90-120 cm depths and total root length density for each crop averaged from all 




total root length density of all crops decreased with the increased soil depth. Results 
showed that at each depth the root length density of winter wheat was the greatest among 
all the rotations, which followed by oat. An identical trend for total root length density 
was observed that winter wheat had the greatest total root length density followed by oat, 
and then spring wheat, corn, sunflower. The least total root length density was found in 
soybean and pea. The finding of greater root length density in winter wheat than soybean 
and pea was consistent with Hamblin and Tennant (1987) who reported that the total root 
length density of cereal crop (wheat) was noticeably higher than that of legumes crop 
(pea). Total root length density for each crop at 0-120 cm depth within the same crop 
rotation averaged from 2017 to 2018 was presented in Table 4.10. Crop rotation impacted 
the total root length density of all crops in the same manner, except corn. Crop rotation 
had a significant effect on the total root length density of corn only. The total root length 
density of corn under CSSwP rotation was the least which was 33.8%, 26.9%, and 31.2% 
lower than that under COWwS, CPWwS, and CSSwSf rotation, respectively. This 
suggested that in the diverse cropping systems, corn had a greater total root length 
density when the preceding crop was pea compared with the preceding crop were 
soybean and sunflower.  
 
4.3.6. Root-shoot Ratio  
The root-shoot ratio for each crop within the same rotation averaged from 2017 to 
2018 was described in Table 4.11. The significant crop rotation effect was only seen in 
the root-shoot ratio of soybean, but not in corn, spring wheat, winter wheat, and pea. The 




which were followed by CS rotation. The lowest root-shoot ratio of soybean value was 
shown in COWWS and CPWwS rotations. This result indicated that in the diverse 
cropping systems, a greater proportion was allocated to the aboveground shoot biomass 
when soybean when following winter wheat than corn. The root-shoot ratio for each crop 
averaged from all crop rotation was presented in Figure 4.2. In this figure, soybean 
showed a greater root-shoot ratio than spring wheat, pea, corn, and sunflower.  
 
4.4. Conclusions 
Rotation effects on crop yield and root properties were significant. Diversified 
crop rotation increased corn and soybean yield compared to traditional CS rotation. 
Winter wheat and pea grew in the rotations (CPWwS or CSSwP) with one small grain 
(winter wheat or spring wheat) had greater yield than grown in the rotation (COWwS) 
with two small grains (oat and winter wheat).  Corn grown in CSSwP rotation had the 
lowest root length density at the first two depth at anthesis but resulting in the highest 
corn yield. The 4-yr diverse crop rotations increased the dry shoot biomass of corn and 
soybean, but not for other crops. Significant differences in the crop biomass 
macronutrients and micronutrients response to rotation effect was observed but not in 
crop grain nutrients. Winter wheat and oat had greater root biomass, root length density at 
first two depths, and total root length density than pea. In diverse crop rotations, the root-
shoot biomass of soybean was increased when the preceding crop was corn rather than 
winter wheat. Diverse crop rotation effect was significant only in the soybean root-shoot 
ratio which soybean following corn increased root/shoot ratio than following winter 




beneficial in improving root growth and crop production, especially the CSSwP rotation 
is strongly recommended for better soil and crop management.  
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Table 4.1. Detailed agronomic information for all crops in the growing season of 2017 





















































































Sunflower 63N82 81545 51 
2017 CSSwSf 30-May 17-Oct 4-Aug 
2018 CSSwSf 27-May 17-Oct 6-Aug 
Oat Shelby 727 3706575 19 
2017 COWwS 4-Apr 28-Jul 5-Jul 
2018 COWwS 7-May 8-Aug 1-Jul 
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-






Table 4.2. Average crop yield under five different crop rotations during the experimental 
period (2017-2018)  
 





Pea Sunflower Oat 
  Yield (kg ha-1) 
COWwS 9754 ab† 4603 a - 3046 b - - 3106 
CPWwS 8870 bc 4558 a - 3698 a 2271 b - - 
CSSwP 10917 a 4128 ab 1442 a - 3717 a - - 
CSSwSf 8173 cd 3777 b 1525 a - - 3338 - 
CS 7029 d 3513 b - - - - - 
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 



































Table 4.3. Average dry shoot biomass for all types of crops under five crop rotations 
during the anthesis period in 2017 and 2018. 
 





Pea Sunflower Oat 
  Biomass (kg ha-1) 
COWwS 11455a† 1646 a - 4205 a - - 2700 
CPWwS 10719 a 1576 ab - 3695 a 1495 a - - 
CSSwP 11199 a 1438 ab 1909 a - 1838 a - - 
CSSwSf 10567 a 1322 ab 1895 a - - 13347 - 
CS 8178 b 1242 b - - - - - 
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 



































Table 4.4. Average macronutrients and micronutrients in all types of crops’ grain as 
affected by five crop rotations during the 2-year studied period.  
 
Rotation 





Pea Sunflower Oat 
P (mg L-1) 
COWwS 4.0 a† 8.2 a   5.7 a     5.0 
CPWwS 4.2 a 7.4 a  5.6 a 5.9 a   
CSSwP 3.9 a 7.6 a 6.4 a  5.5 a   
CSSwSf 3.8 a 8.0 a 6.7 a   8.6  
CS 3.7 a 7.8 a           
 S (mg L
-1) 
COWwS 0.03 ab 0.9 a   0.3 a     0.3 
CPWwS 0.05 ab 0.9 a  0.4 a 0.3 a   
CSSwP 0.08 a 0.9 a 0.5 a  0.4 a   
CSSwSf 0.02 b 0.9 a 0.5 a   1.0  
CS 0.03 ab 0.9 a           
 K (mg L
-1) 
COWwS 4.5 a  31.2 a   4.6 a     5.7 
CPWwS 4.8 a 29.9 a  4.6 a 13.4 a   
CSSwP 4.5 a  28.6 a 5.3 a  13.5 a   
CSSwSf 4.4 a 29.6 a 5.3 a   12.6  
CS 4.2 a 27.9 a           
 Ca (mg L
-1) 
COWwS 1.2 a 5.0 a   1.6 a     2.9 
CPWwS 1.2 a 4.9 a  1.7 a 2.7 a   
CSSwP 1.2 a 4.8 a 2.0 a  2.7 a   
CSSwSf 1.2 a 4.9 a 1.9 a   5.2  
CS 1.2 a 4.9 a           
 Mg (mg L
-1) 
COWwS  1.0 a 3.5 a   1.8 a     1.6 
CPWwS 1.1 a 3.4 a  1.7 a 1.4 a   
CSSwP 1.0 a 3.3 a 2.1 a  1.5 a   
CSSwSf 0.9 a 3.4 a 2.3 a   5.1  
CS 0.9 a 3.4 a           
 Zn (mg L
-1) 
COWwS 0.1 a 0.1 a  0.1 a   0.1 
CPWwS 0.1 a 0.1 a  0.1 a 0.1 a   
CSSwP 0.1 a 0.1 a 0.1 a  0.1 a   
CSSwSf 0.1 a 0.1 a 0.2 a   0.2  
CS 0.1 a 0.1 a           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 






Table 4.5. Average macronutrients and micronutrients in all types of crops biomass 
harvested at anthesis affected by five crop rotations during the 2-year studied period. 
Rotation 





Pea Sunflower Oat 
P (mg L-1) 
COWwS 2.6 a† 4.5 a   31.2 a     4.6 
CPWwS 2.4 a 4.8 a  29.9 a 4.6 a   
CSSwP 2.3 a 5.3 a 13.5 a  4.5 a   
CSSwSf 2.5 a 5.3 a 12.6 a   4.4  
CS 2.4 a 4.2 a           
 S (mg L
-1) 
COWwS    0.8 b 2.1 b   0.2 a     0.4 
CPWwS 0.9 ab  2.2 ab  0.2 a 1.2 b   
CSSwP 0.9 ab 2.5 a 0.5 a  1.4 a   
CSSwSf 1.0 ab 2.4 a 0.5 a   2.7  
CS    1.1 a 2.5 a           
 K (mg L
-1) 
COWwS 14.8 a 21.1 a         23.1 
CPWwS 13.8 a  18.3 ab  25.1 a 15.9 a   
CSSwP 12.2 ab 15.3 b 22.4 a 24.0 a 16.0 a   
CSSwSf 12.3 ab  17.5 ab 25.6 a   23.0  
CS 10.3 b 13.9 b           
 Ca (mg L
-1) 
COWwS 7.6 b 28.4 a   4.9 a     6.4 
CPWwS 7.9 ab 28.0 a  4.9 a 22.2 b   
CSSwP 8.1 ab 26.0 a 6.4 a  24.5 a   
CSSwSf 8.2 ab 27.0 a 6.2 a   28.5  
CS 8.8 a 26.0 a           
 Mg (mg L
-1) 
COWwS 6.2 b 16.5 b   0.0 a     1.4 
CPWwS 6.9 ab 18.2 ab  0.0 a 8.8 b   
CSSwP 7.2 ab 20.6 a 1.9 a  10.0 a   
CSSwSf 7.9 a 19.9 a 1.5 a   25.7  
CS 8.4 a 20.7 a           
 Zn (mg L
-1) 
COWwS 0.017 a 0.031 a  0.001 a   0.031 
CPWwS 0.017 a 0.036 a  0.009 a 0.017 a   
CSSwP 0.011 a 0.032 a 0.032 a  0.020 a   
CSSwSf 0.028 a 0.029 a 0.028 a   0.026  
CS 0.023 a 0.033 a           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 





Table 4.6. Average root biomass for all types of crops as affected by five crop rotations at 
five depths from 2017 to 2018. 
 
Rotation 





Pea Sunflower Oat 
Root biomass (g) 
  0-15 cm 
COWwS 0.035 a† 0.028 ab  0.065 a   0.049 
CPWwS 0.026 ab 0.020 b  0.058 a 0.016 a   
CSSwP 0.016 b 0.065 ab 0.023 a  0.021 a   
CSSwSf 0.041 a 0.065 a 0.019 a   0.036  
CS 0.040 a 0.033 ab           
  15-30 cm 
COWwS 0.012 a 0.006 a  0.012 a   0.017 
CPWwS 0.011 ab 0.006 a  0.015 a 0.009 a   
CSSwP 0.007 b 0.009 a 0.008 a  0.007 a   
CSSwSf 0.013 a 0.009 a 0.007 a   0.004  
CS 0.011 ab 0.012 a           
  30-45 cm 
COWwS 0.011 a 0.004 a  0.005 a    0.006 
CPWwS 0.007 a 0.003 a  0.009 a 0.007 a   
CSSwP 0.005 a 0.006 a 0.005 a  0.003 a   
CSSwSf 0.009 a 0.005 a 0.005 a   0.003  
CS 0.010 a 0.005 a           
  45-60 cm 
COWwS 0.004 a 0.002 a  0.005 a    0.004 
CPWwS 0.005 a 0.003 a  0.006 a 0.004 a   
CSSwP 0.007 a 0.006 a 0.003 b  0.002 a   
CSSwSf 0.005 a 0.005 a 0.005 a   0.01  
CS 0.005 a 0.004 a           
  60-120 cm 
COWwS 0.017 a 0.002 a  0.010 a   0.006 
CPWwS 0.009 a 0.002 a  0.010 a 0.003 a   
CSSwP 0.009 a 0.005 a 0.004 b  0.002 b   
CSSwSf 0.014 a 0.005 a 0.008 a   0.007  
CS 0.010 a 0.004 a           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 
values within the same crop and same depth followed by different letters are significantly different at 





Table 4.7. Average same crop root biomass from all rotations at each depth and total root 
biomass for all types of crops in all rotations at 0-120 cm depth. 
 
Depth  





Pea Sunflower Oat 
Root biomass (g) 
0-15 cm 0.032 bc† 0.042 bc 0.021 bc 0.062 a 0.002 c 0.036 bc 0.049 ab 
15-30 cm 0.011 bc 0.008 cd 0.008 cd 0.013 ab 0.008 cd 0.004 d 0.017 a 
30-45 cm 0.009 a 0.004 b 0.005 b 0.007 ab 0.005 b 0.003 b 0.006 ab 
45-60 cm 0.005 a 0.004 a 0.004 a 0.006 a 0.003 a 0.010 a 0.004 a 
60-120 cm 0.012 a 0.004 b 0.006 ab 0.010 a 0.003 b 0.007 ab 0.006 ab 
Total 0.068 ab 0.0063 abc 0.044 bc 0.097 a 0.037 c 0.059 abc 0.082 ab 
†Mean values within the same depth followed by different letters are significantly different at p<0.05 


































Table 4.8. Crop rotations effect on the average root length density for all types of crops at 
six depths from 2017 to 2018. 
 
Depth  Rotation 





Pea Sunflower Oat 
Root length density (cm cm-3) 
0-15 cm COWwS  2.31 a† 1.57 a   6.36 a     3.18 
 CPWwS 2.04 a 1.51 a  5.40 a 1.34 a   
 CSSwP 1.21 b 1.98 a 2.43 a  1.61 a   
 CSSwSf 2.10 a 1.99 a 2.08 a   2.27  
  CS 1.89 a 1.62 a           
15-30 cm COWwS 1.22 a 0.68 a   1.88 a     1.47 
 CPWwS 1.11 a 0.63 a  2.17 a 1.05 a   
 CSSwP 0.72 b 0.79 a 1.22 a  0.82 a   
 CSSwSf 1.15 a 0.91 a 1.17 a   0.46  
  CS 1.20 a 0.95 a           
30-45 cm COWwS 0.86 a 0.49 a   0.91 a     0.85 
 CPWwS 0.80 a 0.31 a  1.46 a 0.78 a   
 CSSwP 0.74 a 0.54 a 0.78 a  0.46 a   
 CSSwSf 0.96 a 0.49 a 0.79 a   0.35  
  CS 0.87 a 0.56 a           
45-60 cm COWwS 0.44 a 0.33 a   0.62 a     0.49 
 CPWwS 0.43 a 0.24 a  0.93 a 0.32 a   
 CSSwP 0.57 a 0.37 a 0.47 a  0.17 a   
 CSSwSf 0.46 a 0.29 a 0.59 a   0.30  
  CS 0.45 a 0.34 a           
60-90 cm COWwS 0.23 a 0.09 a   0.40 a     0.26 
 CPWwS 0.20 a 0.07 a  0.40 a 0.09 a   
 CSSwP 0.16 a 0.12 a 0.19 b  0.07 a   
 CSSwSf 0.19 a 0.13 a 0.33 a   0.19  
  CS 0.20 a 0.10 a           
90-120 cm COWwS 0.06 a 0.03 a   0.23 a     0.06 
 CPWwS 0.06 a 0.03 a  0.21 a 0.04 a   
 CSSwP 0.04 a 0.03 a 0.05 a  0.05 a   
 CSSwSf 0.06 a 0.03 a 0.11 a   0.09  
  CS 0.06 a 0.02 a           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 
values within the same crop and same depth followed by different letters are significantly different at 









Table 4.9. Average same crop root length density from all rotations at each depth and 
total root length density for all types of crops in all rotations at 0-120 cm depth. 
 
Depth  





Pea Sunflower Oat 
Root length density (cm cm-3) 
0-15 cm 1.91 c† 1.74 c 2.26 c 5.88 a 1.48 c 2.27 bc 3.18 b 
15-30 cm 1.08 bc 0.79 d 1.20 bc 2.03 a 0.93 cd  0.46 d 1.47 b 
30-45 cm 0.85 b 0.48 bc 0.79 b 1.19 a 0.62 bc 0.35 c 0.85 ab 
45-60 cm 0.47 bc 0.31 bc 0.53 ab 0.77 a 0.24 c   0.30 bc   0.49 abc 
60-90 cm 0.20 b 0.10 c 0.26 ab 0.40 a 0.08 c 0.19 bc   0.26 ab 
90-120 cm 0.06 b 0.03 b 0.08 b 0.22 a 0.05 b 0.09 b   0.06 b 
Total 4.53 c 3.47 d 5.11 bc 10.48 a 3.40 d 3.65 cd 6.31 b 
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 
































Table 4.10. Total root length density for each crop at 0-120 cm depth within the same 
crop rotation over two years (2017-2018). 
 
Rotation 





Pea Sunflower Oat 
Total root length density (cm cm-3) 
COWwS  5.12 a† 3.07 a   10.40 a     6.31 
CPWwS 4.64 a 2.82 a  10.57 a 3.62 a   
CSSwP 3.39 b 3.85 a 5.14 a  3.17 a   
CSSwSf 4.93 a 3.93 a 5.07 a   3.65  
CS  4.59 ab 3.56 a           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 




































Table 4.11. Average root-shoot ratio for all types of crops from 2017 to 2018. 
 
Rotation 





Pea Sunflower Oat 
Root-shoot ratio 
COWwS 0.120 a† 0.333 b   0.308 a     0.403 
CPWwS 0.066 a 0.283 b  0.355 a 0.333 a   
CSSwP 0.050 a 0.818 a 0.351 a  0.239 a   
CSSwSf 0.096 a 0.885 a 0.392 a   0.061  
CS 0.119 a 0.571 ab           
COWwS: corn-oat-winter wheat-soybean; CPWwS: corn-pea-winter wheat-soybean; CSSwP: corn-
soybean-spring wheat-pea; CSSwSf: corn-soybean-spring wheat- sunflower; CS: corn-soybean. †Mean 































Fig.4.1. Monthly averages of precipitation (Prc, mm), maximum air temperature (Tmax, 














































































































Fig.4.2. Root-shoot ratio for all types of crops averaged across all crop rotations from 




































 YIELD AND ECONOMIC PERFORMANCE OF DIFFERENT CROP 
ROTATION SYSTEMS IN SOUTH DAKOTA 
ABSTRACT 
Crop yield and economic profitability, which are highly dependent on local crop 
management, soil characteristics and weather conditions, are two of the most influential 
factors when choosing a cropping system. The objective of this study was to compare the 
economic return of different three 4-yr diverse crop rotations to a 2-yr traditional crop 
rotation of the study region. The rotations included were: 1) corn (Zea mays L.)-soybean 
[Glycine max (L.) Merr.]-spring wheat (Triticum aestivum L.)-pea (Pisum sativum L.) 
(CSSwP), 2) corn-pea-winter wheat-soybean (CPWwS), 3) corn-oat (Avena sativa L.)-
winter wheat-soybean (COWwS), and 4) corn-soybean (CS). Data showed that total cost 
for the CS rotation was 7.2, 14.9 and 18.2% greater than the COWwS, CSSwP and 
CPWwS rotations, respectively. While corn yield for CS rotation was comparable to the 
CSSwP and COWwS 4-yr rotations, soybean yield for CS rotation was the lowest among 
all the rotations. When nitrogen (N) fertilizer application rate was less than that required 
for the maximum yield, the CS rotation demonstrated a lack of resiliency as indicated by 
a decline in gross revenue and net revenue. In contrast, the CSSwP rotation was more 
resilient to less N fertilizer application. Among all the studied crop rotations, the CSSwP 
has the highest net revenue, surpassing the CS by $46.55 ha-1. Our results suggest that 
extending the traditional CS rotation to the more diversified CSSwP rotation could be an 






Keywords: corn-soybean, diverse crop rotation, crop yield, total cost, gross revenue, net 
revenue, benefit-cost ratio. 
 
5.1. Introduction 
Corn-soybean is the most commonly used rotation in the Mid-west United States, 
possibly due to factors such as simple management, similar equipment requirements 
between corn and soybean, and the availability of genetic modified seed to control pest 
problems compared with more diversified crop rotations (Karlen et al., 2006; Yu, Lu, 
Cao, & Tian, 2018). The relative high market prices and net returns for corn and soybean 
also provide additional incentives for farmers to adopt and continue usage of CS rotation 
(Meyer-Aurich, Janovicek, Deen, & Weersink, 2006). However, despite the 
aforementioned advantages, the long-term usage of CS rotation potentially causes decline 
in soil health and crop production through altering the soil microbial activities and other 
soil properties. Previous studies demonstrated that long-term use of CS rotation caused 
soil related issues such as soil organic carbon decline (Drinkwater, Wagoner, & 
Sarrantonio, 1998), soil reactive N reduction (Hall, Russell, & A’lece, 2019; Tomer, 
James, Schipper, & Wills, 2017), loss of soil aggregate stability (Zuber, Behnke, 
Nafziger, & Villamil, 2015), as well as crop yield reduction (Smith, Gross, & Robertson, 
2008). Moreover, this rotation can potentially reduce the bacterial richness and diversity 
(Venter, Jacobs, & Hawkins, 2016; Zhou et al., 2015), fungal biodiversity and abundance 
(Ding et al., 2017), as well as increase the risk of soil long-term degeneration (Katsvairo 




are often needed to achieve greater yield and economic benefits in a simple crop rotation 
system (Lassaletta et al., 2016; Lemaire et al., 2008). Such reliance on external inputs 
renders simple production system vulnerable to market prices. 
Expansion of CS rotation with different crops has numerous environmental and 
economic benefits including but not limited to building suitable environment for crop 
growth through soil fertility regulation (Gaudin et al., 2015), fully using various nutrients 
in the soil and thus lowering the reliance on the commercial fertilizer inputs (Van Eerd, 
Congreves, Hayes, Verhallen, & Hooker, 2014). Diversified crop rotation systems 
potentially diminish the need for chemical inputs (Gaudin, Janovicek, Deen, & Hooker, 
2015), reduce economic losses due to pest and disease outbreak (Smith, Gross, & 
Robertson, 2008; Stanger, Lauer, & Chavas, 2008), and minimize crop yield losses and 
yield variability caused by natural disaster (Di Falco & Chavas, 2006). Furthermore, 
integrating leguminous plants into cropping system can help add additional N into the 
soil (Lupwayi & Soon, 2016a, 2016b), subsequently reducing production costs due to 
crops’ improved  ability to utilize nutrients (Ali, Awan, Ahmad, Saleem, & Akhtar, 
2012).  
Crop yield is an important factor considered by farmers when choosing a cropping 
system (Katsvairo & Cox, 2000). Various studies found that diverse crop rotations 
maintained, or improved crop yields compared to the simple monocropping or short CS 
rotation. For example, Davis, Hill, Chase, Johanns, & Liebman (2012) reported that corn-
soybean-small grain/red clover rotation and corn-soybean-small grain-alfalfa-alfalfa 
rotation increased corn and soybean yields by 4 and 9%, respectively, compared to the 




corn yield under continuous corn treatment was significantly lower than that of corn in a 
triennial rotation (grain maize-barley/maize-Italian ryegrass/maize). Cavigelli, Teasdale, 
& Spargo (2013) conducted a study in Maryland to compare management effects of 
different crop rotation systems on crop yield and economic return, and concluded that the 
6-year rotation system (corn/rye-soybean-3 years of alfalfa) significantly increased corn 
yield compared to corn yield under the 3-year rotation (corn/rye-soybean-wheat/vetch) 
and the 2-yr rotation (corn/rye-soybean/vetch). Sindelar, Schmer, Jin, Wienhold, & 
Varvel (2016) found that replacing the CS rotation with corn-oat/clover-grain sorghum-
soybean in the western corn belt near Ithaca, Nebraska under no-till system can improve 
corn yield. 
Another important factor to consider when making crop management decisions is 
economic returns (Al-Kaisi, Archontoulis, & Kwaw-Mensah, 2016). Past research has 
generated inconsistent results on the economic returns of different diversified cropping 
systems. A long-term (20 years) study conducted in Ontario, Canada by Meyer-Aurich, 
Janovicek, Deen, & Weersink (2006) concluded that a diversified crop rotation has lower 
variation in net revenue than monocropping system, which implied that a diversified crop 
rotation was less sensitive to the crop production risk. Davis, Hill, Chase, Johanns, & 
Liebman (2012) demonstrated that the diversified corn-soybean-small grain/red clover 
rotation and corn-soybean-small grain-alfalfa-alfalfa rotation with less N fertilizer input 
had similar economic returns compared to the corn-soybean rotation with fertilizer 
applied based on soil test results (it varied among years, ranges from 112 to 213 N kg ha-
1) in Iowa. However, the economic analysis of seven different cropping systems 




following three years of corn, corn-soybean-corn-oat/alfalfa-alfalfa-alfalfa, and corn-
soybean-corn-oat/alfalfa-alfalfa) conducted on a Rozetta silt loam soil in southwestern 
Wisconsin revealed that CS was the most cost-effective rotation with the highest net 
revenue compared with other rotations under the same level of N fertilizer application 
rates (0, 56, 112, or 224 kg N ha-1) (Stanger, Lauer, & Chavas, 2008).  
Understanding crop yield and economic return performances of different cropping 
systems can help producers better harness the soil and crop management and make a 
critical contribution to sustainable agriculture development. However, little information 
regarding the economic performance of diversified crop rotations is available in 
transitional climate zone such as South Dakota. Therefore, the objective of this study was 
to compare performances among three 4-yr diverse crop rotations and a 2-yr CS rotation, 
utilizing four years’ experimental data (2013-2016) from a long-term experiment 
established in the fall of 2000. We aim to identify the economically sustainable cropping 
systems by comparing crop yields, production costs, gross and net revenues, and benefit-
cost ratios across different crop rotation systems. 
 
5.2. Materials and Methods  
5.2.1. Study Site 
A long-term no-till crop rotation experiment was established in the fall of 2000 at 
the Eastern South Dakota Soil and Water Research Farm near Brookings, SD (4419’ N, 
9646’W, 500-m elevation), located at hardiness zone 4b (U.S. Department of 
Agriculture, 2012; https://planthardiness-ars-usda-gov.nal.idm.oclc.org/PHZMWeb). On 




mm and 6.15℃, respectively (NOAA, 2019). Soil was classified as Barnes clay loam soil 
(fine-loamy, mixed, superactive, frigid calcic Hapludoll) with initial soil characteristic 
information available in Lehman, Osborne, & Duke (2017). Experiment treatments 
included three 4-yr diverse crop rotations and a conventional 2-yr CS rotation. Rotations 
included in this study were: 1) corn-soybean-spring wheat-pea (CSSwP), 2) corn-pea-
winter wheat-soybean (CPWwS), 3) corn-oat-winter wheat-soybean (COWwS), and 4) 
corn-soybean (CS). The experimental design was a randomized complete block design 
with four replications with each crop phase presents each year. The dimension for each 
plot was 6 m wide by 15 m long. This experiment was initiated in 2000 with each 4-yr 
period serving as a complete rotational cycle. The data for this study was collected during 
the fourth complete rotational cycle (2013 to 2016) from all the treatments as mentioned 
previously. Treatment structure during the study period is shown in Table 5.1.  
In 2013, the beginning year of our study cycle, 100 kg N ha-1 was applied as urea 
ammonium nitrate to all the corn plots, 115 kg N ha-1 as ammonium nitrate to all the oat 
plots, and 130 kg N ha-1 was applied as ammonium nitrate to all the winter wheat and 
spring wheat plots. Thereafter, N fertilizer application rate was determined based on fall 
soil testing results and recommendations from South Dakota State University soil testing 
lab with an 85% of crop yield goal (corn-7.84 Mg ha-1; winter wheat-4.03 Mg ha-1; spring 
wheat-3.36 Mg ha-1; oat-3.94 Mg ha-1) with the exception that no fertilizer was applied in 
the pea and soybean phases of each rotation. Fertilization was reduced to allow the soil to 
maintain crop production and soil health through a self-regulating system rather than an 
artificially created environment that involves heavy application of commercial fertilizer 




season as needed. Table S5.1 lists the timing of fertilizer and herbicide application to all 
crop rotations. The crops were harvested with a plot combine (Massey Ferguson 8-XP; 
Kincaid Equipment Manufacturing, Haven, KS) and yields were calculated with the 
associated electronic weigh bucket. The grain moisture was measured with a grain 
analysis computer (Dickey-John GAC2000, Johnston, IA).  More detailed information of 
this experiment can be found in Lehman, Osborne, & Duke (2017) and Osborne, Chim, 
Riedell, & Schumacher (2020).  
 
5.2.2. Economic Analysis 
The total production costs considered in this study consist of machinery operation, 
fertilizer and herbicide, and seed. Prices received for all crops during studied years 
(2013-2016) were obtained from the National Agricultural Statistics Service (NASS) 
database (Table S5.3). The prices of all crops were South Dakota crop sales prices, 
except for pea, which is from North Dakota due to the price unavailability in South 
Dakota. Average price from 2013 to 2016 for each crop was used in the analysis to mimic 
the real market situation. Average seed and fertilizer prices for all crops from 2013 to 
2016 were based on the crop budgets for North Dakota 
(https://www.ag.ndsu.edu/farmmanagement/crop-budget-archive) due to unavailability of 
these prices in South Dakota (Table S5.4). Herbicide active ingredient percentage and 
their average prices from 2013 to 2016 were obtained from farmer business network 
(https://www.farmersbusinessnetwork.com/direct/herbicides) and 2019 South Dakota 
Pest management guide manual. The machinery operations and harvesting charges were 




Johanns, & Chamra, 2013; Edwards, Johanns, & Neighbor, 2014; Plastina, Johanns, & 
Erwin, 2016; Plastina, Johanns, & Weets, 2015) with the machinery costs for each crop 
listed in Table S5.2. Soybean planting and harvesting costs information were used as 
substitutes for pea due to similar operation processes between the two. Crop insurance 
was not considered in this paper as our objective is to identify which crop rotation system 
was more competitive without the intervention of insurance. 
The gross revenue ($ ha-1) for each crop in each rotation was calculated by 
multiplying the specific crop yield by corresponding market price. The annual production 
cost ($ ha-1) for each rotation were computed by summing the production costs of all 
crops in the rotation on a per hectare basis and then dividing by four and two for the 4-yr 
rotations and 2-yr rotation, respectively, to obtain the system production cost on a per 
hectare basis. The net revenue for each rotation was calculated as the difference between 
gross revenue and production cost.  
 
5.2.3. Statistical Analysis 
The data were analyzed using PROC GLIMMIX procedures in SAS software 
program (SAS version 9.4; SAS Institute, 2017), where crop rotation was considered as 
fixed effect, and year and replication were considered as random effects. Mean separation 
was calculated using Tukey-Kramer grouping when necessary. Statistical differences 





5.3. Results and Discussion  
5.3.1. Production Cost  
The total cost for the 2-yr CS rotation was the highest among all crop rotations 
($ 432.88 ha-1) (Table 5.2). Specifically, total cost of the CS rotation was 7.2, 14.9 and 
18.2%, respectively, greater than COWwS, CPWwS and CSSwP, and this trend is 
consistent throughout the 4-yr study period (Figure 5.1). Higher total cost for CS rotation 
was largely attributable to higher seed prices for corn and soybean compared with the 
small grain seed prices. Higher machinery costs (planting and harvesting costs) for 
soybean and corn in comparison to small grains also contributed to the high total cost of 
the CS rotation practice (Table 5.2). Among the 4-yr rotations, fertilizer application cost 
for COWwS rotation was greater than the CPWwS and CSSwP (Table 5.2) as three crops 
(corn, oat and winter wheat) in the rotation required additional N fertilizer inputs. The 
total cost was the lowest for CSSwP and CPWwS possibly due to the rotation two legume 
and two non-legume crops those increase the utilization of nutrients and supply N for 
following crop, and thus reduce the demand for fertilizer. Regarding annual total costs for 
four cropping systems, total costs of all crop rotations declined from year 2013 to 2014 
and rose afterwards due to highest fertilizer input for all crops in 2013 but lowest 
fertilizer input in 2014 (Figure 5.1). Fertilization in 2014 was the least because a great 
deal of fertilizer was applied in 2013 and some nutrients were left over from the previous 
year. Another reason for the least fertilization in 2014 could be that nutrients were 






5.3.2. Crop Yield  
Crop yield varied across the different crop rotation systems, as indicated by 
average crop yields from 2013 to 2016 (Table 5.3). During the 4-year study period, 
CSSwP rotation on average had significantly higher corn yield than the other 4-yr 
rotations. In contrast, CPWwS rotation had the lowest corn yield, which was 17.1, 14.7 
and 12.0% lower than CSSwP, CS and COWwS rotations, respectively. Such difference 
in corn yield across different 4-yr rotations could be attributed to synergy between corn 
and pea as corn following pea produced greater yield than corn following soybean.  
Anderson (2011) and Anderson (2012) found that compared to the previous crop was 
soybean or spring wheat, corn grain yield was higher when the previous crop was pea 
which could be attributed to the increased microbial activity, resource-use efficiency and 
resistance to weeds. 
Yields for soybean grown in 4-yr rotations (CPWwS, CSSwP and COWwS) were 
significantly higher than soybean yield in 2-yr CS rotation (Table 5.3). Our results were 
consistent with finding of Hunt, Hill, & Liebman (2019) who reported that diversified 
crop rotations (corn-soybean-oat/clover and corn-soybean-oat/alfalfa-alfalfa) increased 
soybean yield by 23.1 and 26.9%, respectively, compared to the traditional 2-yr CS 
rotation. The possible reason for increased soybean yield in diverse crop rotation are: 
soybean with smaller root frameworks (root length density) at anthesis in diverse crop 
rotations are more productive (Osborne, Chim, Riedell, & Schumacher, 2020); the 
increased soil nutrient (NO3-N) availability in diverse crop rotations than traditional CS 




crop rotations lower soybean disease outbreak risk compared to CS rotation (Hunt, Hill, 
& Liebman, 2019), and thus soybean yield was guaranteed . 
Pea yield in CSSwP rotation was 20.5% higher compared with that in CPWwS 
rotation (2.54 Mg ha-1), the preceding crop of spring wheat and corn had different root 
length density at crop anthesis (Osborne, Chim, Riedell, & Schumacher, 2020), which 
may lead to crops uptake water and nutrients differently and then alter the quantity and 
activity of microorganisms, therefore, resulting different grain yields. The yield of winter 
wheat following pea in CPWwS was numerically higher than that following small grain 
in COWwS, although not statistically different.  
 
5.3.3. Economic Returns and Profitability Comparison Among Crop Rotations 
5.3.3.1. Profitability of Specific Crops  
Net revenue of crops in different crop rotation systems, as indicated in Table 5.4, 
generally followed similar trends as crop yields in Table 5.3. When comparing across 
different crops, legume crops (soybean and pea) were generally more profitable than 
corn, with pea as a legume crop generating comparable net revenue as soybean. Small 
grains were the least profitable crops in the rotations. In particular, winter and spring 
wheats earned less than one third of the net revenue of soybean in the same rotation, 
while oats generated a net revenue that is less than one half of that for soybeans. This 
could be due to the relatively lower market price, lower yield stability and the higher cost 
of fertilization for small grains compared to that of soybean. Similar findings were 
reported by Archer, Liebig, Tanaka, & Pokharel (2018). They showed that oats, spring 




price for soybean (414 $ Mg-1) and pea (316 $ Mg-1) were 30.6% ~ 115.6% higher than 
that of oats (192 $ Mg-1), spring wheat (242 $ Mg-1) and winter wheat (211 $ Mg-1), 
moreover, crop production cost of soybean (ranges from 310 to 332 $ ha-1) and pea 
(ranges from 334 to 374 $ ha-1) were much lower than that of oat (415 $ ha-1), spring 
wheat (ranges from 428 to 448 $ ha-1) and winter wheat (ranges from 422 to 444 $ ha-1). 
Net revenue for wheats was lower than that of corn and soybean due to the relative lower 
market price of wheats than soybean and lower production than corn. Cai et al. (2019) 
and Stanger, Lauer, & Chavas (2008) also found that higher corn and soybean prices are 
the most important reasons for greater economic returns under CS rotation in comparison 
to diversified crop rotations that include oats and alfalfa. 
  
5.3.3.2. Economic Returns of Crop Rotation Systems 
 Results for the rotation systems revenue indicated a significant difference among 
the 4-yr average gross revenue for three 4-yr rotation systems and the 2-yr rotation 
system (Figure 5.2a). Results showed that gross revenue of CS rotation was the highest 
(791.43 $ ha-1), followed by CSSwP rotation (771.38 $ ha-1), CPWwS ($ 708.92 ha-1) and 
COWwS (679.82 $ ha-1), respectively. Our result was consistent with Khaliq, Malik, 
Cheema, & Umair (2012) who reported that gross revenue of wheat-corn-wheat rotation 
was greater than that of wheat-fallow-wheat and wheat-mung bean-wheat rotations, due 
to the higher monetary benefits of corn and soybean than of mung bean.  
The results revealed that the gross revenue for CS rotation in 2013 and 2014 was 
the highest among all rotations, thereafter it showed a sharp drop and become the rotation 




achieve higher gross revenue when higher amount of fertilizer was applied, or the soil 
was fertile, and such gains don’t last long. Fertilizer is essential for most of crops growth 
and production as it provide nutrients and maintain soil fertility, especially N fertilizer is 
a key factor in determining crop yield and economic return (Stanger, Lauer, & Chavas, 
2008). However, over-fertilization can lead to the N surplus translocated in environment 
through liquid or gaseous form and cause water and soil pollution, greenhouse gas 
emission problem and imbalanced ecosystem (Sutton et al., 2013). Similar result was also 
reported by Coulter et al. (2011) who showed that CS rotation had comparable crop yield 
performance as more diverse crop rotation oat/alfalfa-alfalfa-corn-soybean with higher 
fertilization rate. However, when the fertilizer supply was insufficient or the soil was 
unproductive, the diversified crop rotations perform better (Berzsenyi, Győrffy, & Lap, 
2000; Jagadamma, Lal, Hoeft, Nafziger, & Adee, 2008). In this study, the gross revenue 
of CPWwS, CSSwP and COWwS rotations were 16.3, 11.1 and 14.9%, respectively, 
higher than that of CS rotation in 2016 (Figure 5.2b).   
 
5.3.3.3. Profitability of Crop Rotation Systems 
The net revenue of crop rotation systems was presented in Figure 5.3a. Higher 
gross revenue does not always translate to greater net revenue due to the input cost, for 
instance, CS rotation has higher gross revenue than CSSwP rotation, it does not suggest 
the CS has superiority than CSSwP rotation as higher total input costs in CS rotation 
offset its advantage.  Annual net revenue results showed that CS is the most profitable 
among all the studied rotations in 2013 and thereafter CSSwP is the superior rotation. 




2-yr CS rotation by the year of 2016 (Figure 5.3b) ), this because the total cost for CS 
rotation was higher than that of three 4-yr diverse rotations in 2016, while corn and 
soybean yields in CS rotation was lower than that of three 4-yr diverse rotations. The 
CSSwP rotation has the highest 4-yr average net revenue (405.10 $ ha-1) which was 13.0, 
22.0% and 46.8% higher than the CS, CPWwS and COWwS rotations, respectively 
(Figure 5.3a). Compared with the other three rotations, CSSwP ranks first in net revenue 
depending on its relatively lower fertilization, lower demand for herbicides, better crop 
yields for all crops and well-developed market price for all crops in this rotation. 
Crop rotation systems showed significant influences on average benefit-cost ratio 
(Figure 5.4a).  In addition to the net revenue, benefit-cost ratio is also used to help 
farmers in selecting the economically feasible crop rotation by taking the ratio of gross 
revenue to total cost (Chanda, Ali, Haque, Abdullah, & Sarwar, 2019; Junaid & Ali, 
2015). Similar to the net revenue, the benefit-cost ratio for CSSwP rotation was 
significantly higher than that of the other three rotations due to its lower input costs and 
higher crop yield. The average benefit-cost ratio for CPWwS were moderate among all 
the rotations and COWwS and CS rotation had the lowest benefit-cost ratio. The annual 
benefit-cost ratio of each cropping system trend is similar to net revenue, which indicated 
that CS rotation is not economically sustainable without sufficient fertilizer input (Figure 
5.4b). Even though the benefit-cost ratios of the CSSwP and CPWwS rotations were 
lower than that of the CS rotation in 2013, this trend was reversed in the next three years, 
which indicates that these two 4-yr rotations were more robust when less N fertilizer was 
applied. Compared with the other rotations, the benefit-cost ratio of COWwS was the 




results demonstrated that, compared to other rotation systems, the CSSwP rotation system 
was more resilient to soil with an insufficient external nutrient supply. Although both 
COWwS and CSSwP are 4-yr rotations, COWwS has the lowest economic performance 
and CSSwP has the highest, this because legume pea and spring wheat in CSSwP have 
higher net revenue than oat and winter wheat and CSSwP rotation has lower input cost 
compared with COWwS. COWwS can be considered when government subsidies are 
available to improve returns on small grain.   
 
5.4. Conclusions  
This study was conducted in South Dakota to identify the crop yield production 
and economic performance responses of the traditional CS rotation and three 4-yr 
diversified crop rotations. The results demonstrated that CSSwP had greater corn yield 
than the CPWwS, COWwS and CS rotations, although the difference in the comparison 
of CS and CSSwP was not significant. Regarding soybean yield, three 4-yr diversified 
crop rotations showed greater yields than the 2-yr traditional CS rotation. Comparing 
economic performance across all crop rotations, CSSwP rotation stands out from the 
other rotations both in terms of average net revenue and benefit-cost ratio. Even though 
CS rotation boosted superior economic performance with sufficient fertilizer input, the 
annual benefit-cost ratio and net revenue of CS rotation indicated lacking sustainability 
when N fertilizer input is reduced. Therefore, our results suggested that extending the 
commonly used CS rotation to the more diversified CSSwP rotation was an economically 
sustainable practice which could help reduce fertilizer input, meanwhile increasing 
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Table 5.1. Crop rotations under different management systems in the field experiment 
from 2013 to 2016 conducted in Brookings, SD. 
 
  Rotations  2013 2014 2015 2016 
     CPWwS† 
Corn  Pea Winter Wheat Soybean 
Pea Winter Wheat Soybean Corn 
Winter Wheat Soybean  Corn Pea 
Soybean Corn Pea Winter Wheat 
CSSwP 
Corn Soybean Spring Wheat Pea 
Soybean Spring Wheat Pea Corn 
Spring Wheat Pea Corn Soybean 
Pea Corn Soybean Spring Wheat 
COWwS 
Corn Oat Winter Wheat Soybean 
Oat Winter Wheat Soybean Corn 
Winter Wheat Soybean Corn Oat 
Soybean Corn Oat Winter Wheat 
CS 
Corn Soybean Corn Soybean 
Soybean Corn Soybean Corn 
† CPWwS: corn-pea-winter wheat soybean; CSSwP: corn-soybean-spring wheat-pea; COWwS: corn-oat-




























Table 5.2. Total cost ($ ha-1) for corn-pea-winter wheat soybean (CPWwS); corn-
soybean-spring wheat-pea (CSSwP); corn-oat-winter wheat-soybean (COWwS) and 
corn-soybean (CS) rotations averaged across 2013 to 2016. 
 
  CPWwS CSSwP COWwS CS 
Production costs $ ha-1 
Machinery 192.46 194.50 188.65 208.21 
Seed 94.66 94.66 94.39 142.48 
Fertilizer 51.57 48.77 88.36 47.01 
Herbicides 38.08 28.36 32.47 35.18 
Total cost 376.76c† 366.29c 403.87b 432.88a 





































Table 5.3. Crop yield (Mg ha-1) grown in corn-pea-winter wheat soybean (CPWwS), 
corn-soybean-spring wheat-pea (CSSwP), corn-oat-winter wheat-soybean (COWwS) and 




CPWwS CSSwP COWwS CS 
  (Mg ha-1)  
Corn  5.27 c† 6.36 a 5.99 b 6.18 ab 
Soybean 2.41 a 2.44 a 2.31 a 2.05 b 
Spring Wheat - 2.32 - - 
Winter Wheat 2.84 a - 2.76 a - 
Pea 2.54 b 3.06 a - - 
Oat - - 3.04 - 
† Different letters within each crop phase show significant differences among different cropping systems (p 





































Table 5.4. Net revenue ($ ha-1) for each crop in four crop rotations [corn-pea-winter 
wheat soybean (CPWwS), corn-soybean-spring wheat-pea (CSSwP), corn-oat-winter 
wheat-soybean (COWwS) and corn-soybean (CS)] averaged across 2013 to 2016. 
 
Net revenue 
CPWwS CSSwP COWwS CS 
$ ha-1 
Corn 185.01 c† 333.18 a 282.52 b 307.57 ab 
Soybean 538.85 a 548.09 a 500.33 a 409.53 b 
Spring Wheat - 140.72 - - 
Winter Wheat 150.05 a - 114.96 b - 
Pea 454.68 b 598.36 a - - 
Oat - - 205.99 - 
† Different letters within each crop phase show significant differences among different cropping systems (p 



































Table S5.1. Fertilizer and herbicide application time for each crop from 2013 to 2016. 
 
Crop  Application Time 2013 2014 2015 2016 
Corn 
Fertilizer Pre & Post† Pre & Post Pre & Post Pre & Post 
Herbicide Post Pre & Post Pre & Post Pre 
Soybean 
Fertilizer None None None None 
Herbicide Post (2) Pre & Post Pre & Post Pre 
Winter 
wheat 
Fertilizer Pre & Post Pre & Post Pre & Post Pre & Post 
Herbicide Post Post Post (2) Post 
Spring 
wheat 
Fertilizer Pre & Post Pre & Post Pre & Post Pre & Post 
Herbicide Post Post (2) Post (2) Post 
Pea 
Fertilizer None None None None 
Herbicide Pre Pre & Post Pre & Post Pre 
Oat 
Fertilizer Post Pre & Post Pre & Post Pre & Post 
Herbicide Post Post (2) Pre & Post Post 


































Table S5.2. Machinery operation cost for each crop  
 
Operation Items Price ($ ha-1) 
Corn planting  47.88 
Soybean planting 45.40 
Small grain planting (winter wheat, spring wheat and oat) 38.42 
Pea planting 45.40 
Fertilizer application  17.24 
Herbicides application  17.14 
Corn complete harvesting (combine, grain cart, haul to farm storage) 119.75 
Soybean complete harvesting (combine, grain cart, haul to farm storage) 113.14 
Small grain combing (winter wheat, spring wheat and oat) 74.75 


















Table S5.3. Marketing year price for all crops during the studied years (2013-2016) were 
obtained from National Agricultural Statistics Service (NASS) database. 
Crop Location 2013 2014 2015 2016 Mean 
   $ kg-1 
Corn  SD 0.159 0.131 0.130 0.122 0.136 
Soybean  SD 0.459 0.344 0.314 0.332 0.362 
Spring wheat  SD 0.253 0.205 0.174 0.174 0.202 
Winter wheat  SD 0.247 0.201 0.154 0.133 0.184 
Oat SD 0.253 0.207 0.145 0.136 0.185 





















Table S5.4. Seed and fertilizer prices from 2013 to 2016. 
Input 2013 2014 2015 2016 Mean 
  $ 
Seed           
Corn, 1000 kernel unit 2.80 3.00 3.00 3.00 2.95 
Soybeans, 1000 kernel unit 0.39 0.38 0.35 0.33 0.36 
Spring wheat, kg 0.44 0.44 0.39 0.29 0.39 
Winter wheat, kg 0.44 0.44 0.39 0.29 0.39 
Oat, kg 0.47 0.45 0.41 0.41 0.44 
Pea, kg 0.53 0.51 0.47 0.51 0.51 
Fertilizer  
    
N, kg 0.26 0.21 0.21 0.18 0.22 

















Fig. 5.1. Annual total cost for four different cropping systems (CPWwS, corn-pea-winter 
wheat-soybean; CSSwP, corn-soybean-spring wheat-pea; COWwS, corn-oat-winter 

































Fig. 5.2. Four-year average gross revenue (a) and annual gross revenue (b) for four 
different cropping systems (CPWwS, corn-pea-winter wheat-soybean; CSSwP, corn-
soybean-spring wheat-pea; COWwS, corn-oat-winter wheat-soybean; CS, corn-soybean) 
from 2013 to 2016. Different letters represent significant differences between cropping 






















































Fig. 5.3. Four-year average net revenue (a) and annual net revenue (b) for four different 
cropping systems (CPWwS, corn-pea-winter wheat-soybean; CSSwP, corn-soybean-
spring wheat-pea; COWwS, corn-oat-winter wheat-soybean; CS, corn-soybean) from 
2013 to 2016. Different letters represent significant differences between cropping 






















































Fig. 5.4. Four-year average benefit-cost ratio (a) and annual benefit-cost ratio (b) for four 
different cropping systems (CPWwS, corn-pea-winter wheat-soybean; CSSwP, corn-
soybean-spring wheat-pea; COWwS, corn-oat-winter wheat-soybean; CS, corn-soybean) 
from 2013 to 2016. Different letters represent significant differences between cropping 


















































 This dissertation was designed to determine the effects of cover crop (CC) and 
crop rotation on soil biochemical properties, crop root characteristics, crop nutrients 
content, crop production, and economic benefits. The dissertation included three different 
objectives. The first objective was related to studying the impacts of different types and 
durations of CC at five locations on soil health indicators in South Dakota. The second 
objective was related to studying the five different cropping systems (CSSwP, CPWwS, 
COWwS, CSSwSf and CS) impacts on roots characteristics at the Eastern South Dakota 
Soil and Water Research Farm near Brookings, SD, whereas, the third was related to 
study four different cropping systems (CSSwP, CPWwS, COWwS and CS) on economic 
performance. The following conclusions are drawn from each of these above objectives: 
Study 1.  Soil biochemical properties response to CC management 
(i). Soil biochemical properties responded differently to different types of CC and 
durations of CC. 
(ii). No obvious changes in microbial community structure were observed in short-term 
CC (winter rye, legume and brassica mixture) cultivation. The influence of short-
term CC practice on soil enzyme activities, microbial biomass, C and N fractions 
at 0-5 cm depth was not always significant. 
(iii). Compared to the no cover crop, the application of three years of legume and grass 
cover crop mixture had a greater quantity of the microbial community, labile C and 




(iv). Long-term (20-yr) application of CC significantly and positively increased all the 
selected soil enzyme and microbial properties.  
Study 2.  Root characteristics and crop nutrients response to crop rotation management 
(i). Corn and soybean yield under diverse crop rotation were greater than that under 
CS rotation. Rotations (CPWwS or CSSwP) with one small grain had greater 
winter wheat and pea yields than the rotation (COWwS) with two small grains. 
(ii). The CSSwP rotation had the highest corn yield and the lowest corn root length 
density among all the rotations. 
(iii). Diverse crop rotations had greater dry shoot biomass values of corn and soybean 
than that of CS rotation, although the difference was not always significant for 
soybean. 
(iv). The rotation effect on the crop grain macronutrients and micronutrients was not 
significant, but it was significant impact the macronutrients and micronutrients in 
crop biomass. 
Study 3.  Crop yield and economic performance response to crop rotation management 
(i). Lower input cost required for diverse crop rotations than the CS rotation. 
(ii). Soybean yield under diverse crop rotation was increased compared with the CS 
rotation, but no increase in corn yield was detected. 
(iii). The rotation of CSSwP can maintain the benefit-cost ratio even when there was a 
reduction in fertilization. 
(iv). Diverse crop rotation had greater gross revenue and net revenue over the studied 






 Overall, in this investigation, this research aimed to evaluate that whether the 
application of CC or diverse crop rotation brings positive impacts on soil health, crop 
growth, crop yield and economic income. This research has confirmed that CC practice 
(especially for long-term application of winter rye cover crops or multispecies cover 
crops) increased the soil microbial activities and promoted the C, N, S, and P cycling. 
Furthermore, in general, diverse crop rotation improved corn and soybean yields and 
reduced nutrients removal from crop biomass. The adoption of diverse crop rotation 
reduced the production cost but maintained similar or better crop yield and net revenue, 
which showed more resiliency than the traditional CS rotation. These findings suggested 
that, in general, extending the traditional CS rotation to the more diversified CSSwP 
rotation could be an implementable practice in Northern Great Plains to benefit the crop 


































































A1.1. Cold water-extractable C (CWC), cold water-extractable N (CWN), hot water-
extractable C (HWC), hot water-extractable N (HWN), microbial biomass C (MBC) and 
microbial biomass N (MBN) as affected by cover crop (CC) and no CC (NCC) 
management at 0-5 cm depth. Trt, treatment; Rep, replication. 
 
Sites Trt Rep CWC CWN HWC HWN MBC MBN 
   --------------µg g-1---------------- ----mg kg-1---- 
Site 1 
CC 1 29.43 2.32 68.08 6.18 488.57 53.01 
CC 2 31.20 2.38 67.77 5.78 506.74 56.71 
CC 3 27.66 2.31 67.45 6.83 514.05 53.46 
NCC 1 33.70 2.64 51.17 3.95 530.23 67.51 
NCC 2 38.91 2.48 55.81 4.54 478.41 58.66 
NCC 3 36.57 2.33 43.44 3.36 517.50 63.27 
Site 2 
CC 1 27.76 2.40 62.02 5.31 627.56 64.60 
CC 2 26.77 2.43 61.62 5.46 548.49 54.15 
CC 3 27.27 2.41 62.41 5.15 706.62 75.04 
NCC 1 20.17 1.34 67.91 6.42 452.64 48.92 
NCC 2 21.94 1.24 65.08 6.09 422.30 37.01 
NCC 3 21.77 1.35 68.32 6.79 482.97 43.93 
Site 3 
CC 1 22.21 3.19 72.00 7.89 615.61 69.40 
CC 2 26.97 2.10 61.92 6.91 526.45 66.55 
CC 3 24.59 2.65 66.96 7.40 527.00 57.66 
NCC 1 19.44 2.93 45.93 5.05 288.06 36.90 
NCC 2 18.70 2.83 48.40 4.74 292.10 51.49 
NCC 3 20.17 2.88 50.87 4.82 296.13 44.20 
Site 4 
CC 1 29.61 2.80 107.40 13.04 745.88 89.09 
CC 2 30.45 2.70 120.20 14.80 760.47 88.81 
CC 3 28.13 2.43 113.80 13.92 619.99 67.43 
NCC 1 15.76 2.33 52.47 5.22 374.97 36.71 
NCC 2 20.35 3.36 47.92 5.75 345.46 45.37 
NCC 3 24.94 2.84 50.03 5.41 393.55 47.23 
Site 5 
CC 1 32.74 4.21 47.60 5.77 888.00 49.37 
CC 2 29.06 5.06 62.38 7.12 646.45 58.36 
CC 3 25.38 4.64 54.99 4.42 767.23 25.22 
NCC 1 16.73 2.67 20.98 1.96 163.89 13.28 
NCC 2 12.81 2.45 22.19 1.92 173.64 13.44 






A1.2. Soil enzyme activities as affected by cover crop (CC) and no CC (NCC) 
management at 0-5 cm depth. β-glu, β-glucosidase; FDA, fluorescein diacetate. Trt, 
treatment; Rep, replication. 
 




kg-1 h-1  
µg 
NH4+ 





g-1 h-1  
µg pNP 
g-1 h-1 
µg pNP g-1 h-1 
 mg 
fluorescei
n kg-1 h-1  
Site 1 
CC 1 12.43 89.72 5.62 604.26 210.94 82.15 0.12 
CC 2 8.72 70.23 5.76 546.08 176.62 100.97 0.13 
CC 3 9.29 79.98 5.47 495.21 143.61 98.51 0.15 
NCC 1 9.35 46.44 10.78 495.26 255.60 115.30 0.10 
NCC 2 6.76 50.34 9.58 541.63 208.27 104.36 0.10 
NCC 3 9.06 48.39 11.99 491.30 246.34 108.36 0.10 
Site 2 
CC 1 11.34 46.02 2.48 920.73 205.89 63.14 0.14 
CC 2 9.44 43.27 1.18 808.24 190.93 62.65 0.15 
CC 3 13.24 40.52 3.78 933.23 220.85 62.9 0.16 
NCC 1 9.78 41.76 3.02 762.94 166.32 50.19 0.14 
NCC 2 9.11 33.31 1.93 657.19 137.00 53.42 0.14 
NCC 3 10.16 37.54 2.47 717.46 143.45 46.96 0.14 
Site 3 
CC 1 6.96 70.4 11.02 555.02 261.48 150.25 0.05 
CC 2 10.91 69.68 10.78 583.41 227.79 128.47 0.04 
CC 3 8.25 77.18 13.72 526.63 245.86 111.86 0.04 
NCC 1 7.81 36.06 15.23 394.28 310.78 109.44 0.09 
NCC 2 8.08 43.51 16.56 394.97 291.61 121.92 0.12 
NCC 3 7.95 48.20 13.90 393.60 329.94 115.88 0.11 
Site 4 
CC 1 11.37 183.62 17.13 1073.17 492.62 178.68 0.13 
CC 2 11.32 210.61 21.95 1056.75 542.50 171.06 0.12 
CC 3 11.43 197.12 19.54 1089.60 517.56 174.87 0.12 
NCC 1 6.06 30.71 0.90 482.42 84.16 99.40 0.07 
NCC 2 3.90 30.09 0.76 335.34 119.92 77.37 0.08 
NCC 3 5.50 29.47 1.04 455.33 102.04 106.62 0.07 
Site 5 
CC 1 9.59 39.32 9.99 645.93 150.82 77.27 0.11 
CC 2 10.75 27.35 10.71 696.35 137.03 90.16 0.13 
CC 3 8.43 33.34 9.28 595.51 125.9 79.20 0.09 
NCC 1 4.96 41.69 0.53 391.88 68.09 19.27 0.06 
NCC 2 4.87 40.69 0.31 380.25 44.77 22.97 0.06 







A1.3. Total biomass, total bacterial, total fungi, gram-positive (+ve) bacterial, gram-
negative (-ve) bacterial, arbuscular mycorrhizal fungi (AMF), actinomycetes, and 
saprophytes PLFA (phospholipid fatty acid) biomass as influenced by cover crop (CC) 


















      --------ng PLFA-C g-1 soil--------   
Site 1 
CC 1 5667.1 2755.6 578.0 1604.0 1151.7 170.2 508.6 407.8 
CC 2 4541.9 2391.8 551.0 1402.6 989.2 176.1 459.1 374.9 
CC 3 6792.3 3119.5 605.1 1805.4 1314.1 164.3 558.1 440.8 
NCC 1 5576.7 2933.8 689.4 1637.0 1296.7 257.2 552.0 432.1 
NCC 2 5501.4 2578.0 670.7 1432.7 1145.3 153.6 513.5 517.1 
NCC 3 4687.4 2541.1 547.0 1488.0 1053.1 167.4 570.3 379.6 
Site 2 
CC 1 4833.9 2457.7 482.7 1460.0 997.7 106.1 466.4 376.6 
CC 2 4443.1 1847.3 202.6 1413.0 434.3 75.6 366.6 127.0 
CC 3 4706.9 2540.2 356.6 1510.4 1029.9 129.7 409.9 227.0 
NCC 1 3550.8 1747.4 237.7 1075.3 672.1 87.7 308.6 149.9 
NCC 2 4535.2 1953.6 372.2 1209.8 743.8 103.9 364.4 268.4 
NCC 3 4043.0 1850.5 304.9 1142.5 707.9 95.8 336.5 209.1 
Site 3 
CC 1 4875.6 2545.2 541.9 1638.8 906.4 172.2 566.1 369.7 
CC 2 5496.8 3077.4 727.8 1915.7 1161.7 216.8 686.9 511.0 
CC 3 4254.5 2013.0 356.0 1361.9 651.2 127.7 445.4 228.4 
NCC 1 3046.9 1652.0 111.9 1181.8 470.2 20.3 397.3 91.7 
NCC 2 4321.6 2459.6 583.0 1403.7 1055.9 234.7 518.7 348.4 
NCC 3 3684.3 2055.8 347.5 1292.7 763.1 127.5 458.0 220.0 
Site 4 
CC 1 8697.3 4817.9 842.8 3276.5 1541.3 305.0 1335.9 537.8 
CC 2 9556.7 5483.0 882.8 3767.7 1715.4 352.4 1391.8 530.4 
CC 3 9127.0 5150.4 862.8 3522.1 1628.3 328.7 1363.9 534.1 
NCC 1 3502.4 1807.3 300.3 1144.6 662.8 94.0 360.4 206.3 
NCC 2 4505.4 2492.0 418.5 1474.3 1017.7 166.9 474.1 251.6 
NCC 3 4213.9 2374.5 437.3 1467.3 907.2 156.7 482.3 280.6 
Site 5 
CC 1 7356.3 3585.2 764.7 2126.9 1458.3 208.1 635.7 556.6 
CC 2 6235.4 2736.7 646.8 1526.4 1210.3 176.0 467.4 470.8 
CC 3 5114.4 3161.0 705.8 1826.6 1334.3 192.1 551.5 513.7 
NCC 1 2267.6 982.0 66.5 739.7 242.4 14.9 197.4 51.6 
NCC 2 2749.4 1181.7 119.8 891.3 290.5 24.7 244.5 75.1 






A1.4. Soil protein, soil pH and electrical conductivity (EC) as affected by cover crop 
(CC) and no CC (NCC) management at 0-5 cm depth. Trt, treatment; Rep, replication. 
 




       mg g-1   ds cm-1 
Site 1 
CC 1 13.35 5.39 0.16 
CC 2 13.06 5.41 0.15 
CC 3 15.23 5.37 0.14 
NCC 1 10.50 6.90 0.22 
NCC 2 10.02 6.84 0.21 
NCC 3 10.00 6.93 0.21 
Site 2 
CC 1 17.15 4.71 0.16 
CC 2 20.07 4.85 0.17 
CC 3 20.23 4.98 0.17 
NCC 1 15.69 5.34 0.17 
NCC 2 18.05 5.07 0.16 
NCC 3 20.31 5.15 0.17 
Site 3 
CC 1 12.57 6.55 0.19 
CC 2 14.82 6.50 0.18 
CC 3 11.95 6.46 0.21 
NCC 1 7.99 6.84 0.51 
NCC 2 9.95 7.04 0.54 
NCC 3 8.50 6.95 0.53 
Site 4 
CC 1 14.55 6.69 0.39 
CC 2 15.23 6.59 0.36 
CC 3 13.87 6.64 0.37 
NCC 1 9.77 4.91 0.13 
NCC 2 6.84 5.08 0.12 
NCC 3 8.30 5.25 0.14 
Site 5 
CC 1 16.53 6.04 0.22 
CC 2 14.10 6.09 0.22 
CC 3 11.64 6.00 0.22 
NCC 1 15.89 5.02 0.10 
NCC 2 17.02 5.01 0.10 









A2.1. Gross revenue, total cost, net revenue and benefit-cost ratio as affected by different 
cropping systems. Rot, rotation; Rep, replication. CPWwS, corn-pea-winter wheat-
soybean; CSSwP, corn-soybean-spring wheat-pea; COWwS, corn-oat-winter wheat-
soybean; CS, corn-soybean. 
 









       $ ha-1  $ ha-1    $ ha-1   
CPWwS 2013 1 653.62 406.72 246.89 1.61 
CPWwS 2013 2 612.89 406.72 206.17 1.51 
CPWwS 2013 3 656.00 406.72 249.28 1.61 
CPWwS 2013 4 606.45 406.72 199.73 1.49 
CPWwS 2014 1 778.97 372.90 406.07 2.09 
CPWwS 2014 2 762.00 372.90 389.09 2.04 
CPWwS 2014 3 746.15 372.90 373.25 2.00 
CPWwS 2014 4 775.68 372.90 402.78 2.08 
CPWwS 2015 1 673.98 403.52 270.46 1.67 
CPWwS 2015 2 688.80 403.52 285.28 1.71 
CPWwS 2015 3 666.63 403.52 263.12 1.65 
CPWwS 2015 4 657.80 403.52 254.28 1.63 
CPWwS 2016 1 697.50 396.25 301.25 1.76 
CPWwS 2016 2 661.49 396.25 265.25 1.67 
CPWwS 2016 3 701.54 396.25 305.29 1.77 
CPWwS 2016 4 716.44 396.25 320.20 1.81 
 CSSwP 2013 1 691.26 407.97 283.29 1.69 
 CSSwP 2013 2 729.79 407.97 321.82 1.79 
 CSSwP 2013 3 637.92 407.97 229.95 1.56 
 CSSwP 2013 4 676.38 407.97 268.41 1.66 
 CSSwP 2014 1 859.40 380.11 479.29 2.26 
 CSSwP 2014 2 857.47 380.11 477.36 2.26 
 CSSwP 2014 3 864.15 380.11 484.05 2.27 
 CSSwP 2014 4 806.49 380.11 426.38 2.12 
 CSSwP 2015 1 827.72 374.43 453.28 2.21 
 CSSwP 2015 2 814.39 374.43 439.96 2.18 
 CSSwP 2015 3 832.02 374.43 457.58 2.22 
 CSSwP 2015 4 813.79 374.43 439.36 2.17 
 CSSwP 2016 1 679.00 367.61 311.39 1.85 
 CSSwP 2016 2 694.40 367.61 326.79 1.89 
 CSSwP 2016 3 702.72 367.61 335.11 1.91 




A 2.1. Cont’d 
 









        $ ha-1   $ ha-1   $ ha-1   
COWwS 2013 1 705.05 433.96 271.09 1.62 
COWwS 2013 2 673.28 433.96 239.32 1.55 
COWwS 2013 3 709.04 433.96 275.08 1.63 
COWwS 2013 4 723.05 433.96 289.09 1.67 
COWwS 2014 1 692.81 399.89 292.92 1.73 
COWwS 2014 2 663.74 399.89 263.85 1.66 
COWwS 2014 3 657.55 399.89 257.67 1.64 
COWwS 2014 4 661.77 399.89 261.88 1.65 
COWwS 2015 1 604.98 432.35 172.63 1.40 
COWwS 2015 2 636.54 432.35 204.19 1.47 
COWwS 2015 3 587.80 432.35 155.45 1.36 
COWwS 2015 4 617.26 432.35 184.91 1.43 
COWwS 2016 1 643.72 409.59 234.14 1.57 
COWwS 2016 2 647.00 409.59 237.41 1.58 
COWwS 2016 3 681.03 409.59 271.44 1.66 
COWwS 2016 4 664.98 409.59 255.39 1.62 
 CS 2013 1 991.79 463.54 528.25 2.14 
 CS 2013 2 929.03 463.54 465.49 2.00 
 CS 2013 3 827.22 463.54 363.68 1.78 
 CS 2013 4 918.37 463.54 454.83 1.98 
 CS 2014 1 884.99 449.83 435.16 1.97 
 CS 2014 2 843.84 449.83 394.01 1.88 
 CS 2014 3 841.47 449.83 391.64 1.87 
 CS 2014 4 907.61 449.83 457.78 2.02 
 CS 2015 1 765.76 448.85 316.90 1.71 
 CS 2015 2 755.09 448.85 306.24 1.68 
 CS 2015 3 690.59 448.85 241.73 1.54 
 CS 2015 4 772.58 448.85 323.72 1.72 
 CS 2016 1 607.37 437.06 170.31 1.39 
 CS 2016 2 646.28 437.06 209.22 1.48 
 CS 2016 3 623.87 437.06 186.81 1.43 






A2.2. Corn net revenue (CNR), corn yield, soybean yield, soybean net revenue (SNR) in 
different cropping systems. Rot, rotation; Rep, replication. CPWwS, corn-pea-winter 
wheat-soybean; CSSwP, corn-soybean-spring wheat-pea; COWwS, corn-oat-winter 
wheat-soybean; CS, corn-soybean. 
Rot Year Rep CNR Corn Yield Soybean Yield SNR 
       $ ha-1 Mg ha-1 Mg ha-1  $ ha-1 
 CPWwS 2013 1 -5.53 3.66 2.341 737.18 
 CPWwS 2013 2 -52.76 3.37 2.174 660.83 
 CPWwS 2013 3 -19.35 3.58 2.403 765.99 
 CPWwS 2013 4 -25.53 3.54 2.028 593.53 
 CPWwS 2014 1 347.07 6.62 2.387 445.04 
 CPWwS 2014 2 368.29 6.78 2.202 381.31 
 CPWwS 2014 3 320.97 6.42 2.311 418.63 
 CPWwS 2014 4 369.76 6.79 2.228 390.08 
 CPWwS 2015 1 206.83 5.76 2.477 421.56 
 CPWwS 2015 2 221.85 5.88 2.414 401.63 
 CPWwS 2015 3 197.03 5.69 2.634 470.79 
 CPWwS 2015 4 166.90 5.46 2.474 420.63 
 CPWwS 2016 1 61.51 4.88 2.670 543.79 
 CPWwS 2016 2 68.80 4.94 2.508 490.03 
 CPWwS 2016 3 154.15 5.64 2.612 524.47 
 CPWwS 2016 4 122.63 5.38 2.714 558.42 
 CSSwP 2013 1 -15.45 3.60 3.012 1045.50 
 CSSwP 2013 2 108.14 4.37 2.774 936.10 
 CSSwP 2013 3 -54.68 3.35 2.539 828.42 
 CSSwP 2013 4 -65.84 3.28 2.803 949.61 
 CSSwP 2014 1 458.76 7.46 2.407 451.73 
 CSSwP 2014 2 611.12 8.62 2.488 479.63 
 CSSwP 2014 3 524.35 7.96 2.503 484.83 
 CSSwP 2014 4 464.64 7.51 2.387 444.74 
 CSSwP 2015 1 503.88 8.05 2.076 295.60 
 CSSwP 2015 2 480.89 7.87 2.001 272.25 
 CSSwP 2015 3 574.20 8.59 1.999 271.41 
 CSSwP 2015 4 556.72 8.46 2.085 298.30 
 CSSwP 2016 1 161.84 5.70 2.321 428.11 
 CSSwP 2016 2 158.98 5.68 2.530 497.46 
 CSSwP 2016 3 170.77 5.78 2.574 511.97 






Rot Year Rep CNR Corn Yield Soybean Yield SNR 
       $ ha-1 Mg ha-1 Mg ha-1  $ ha-1 
 COWwS 2013 1 121.17 4.46 2.118 634.87 
 COWwS 2013 2 37.44 3.93 2.241 691.46 
 COWwS 2013 3 49.17 4.00 2.409 768.46 
 COWwS 2013 4 152.85 4.66 2.339 736.55 
 COWwS 2014 1 498.70 7.77 2.252 398.35 
 COWwS 2014 2 466.55 7.52 1.966 300.01 
 COWwS 2014 3 447.09 7.38 1.966 300.10 
 COWwS 2014 4 483.05 7.65 1.885 272.23 
 COWwS 2015 1 321.77 6.65 2.431 403.68 
 COWwS 2015 2 276.63 6.30 2.734 498.75 
 COWwS 2015 3 201.62 5.72 2.381 387.95 
 COWwS 2015 4 232.51 5.96 2.814 523.73 
 COWwS 2016 1 197.19 6.00 2.246 403.12 
 COWwS 2016 2 169.87 5.77 2.254 405.76 
 COWwS 2016 3 183.21 5.88 2.597 519.67 
 COWwS 2016 4 222.97 6.21 2.243 402.12 
 CS 2013 1 258.54 5.32 2.473 797.96 
 CS 2013 2 319.49 5.70 2.067 611.48 
 CS 2013 3 49.69 4.01 2.211 677.67 
 CS 2013 4 214.80 5.04 2.248 694.86 
 CS 2014 1 517.11 7.91 2.121 353.20 
 CS 2014 2 461.41 7.49 2.043 326.60 
 CS 2014 3 444.47 7.36 2.079 338.81 
 CS 2014 4 468.46 7.54 2.393 447.10 
 CS 2015 1 377.63 7.08 1.950 256.18 
 CS 2015 2 360.04 6.94 1.938 252.44 
 CS 2015 3 322.70 6.66 1.646 160.77 
 CS 2015 4 388.92 7.17 1.958 258.53 
 CS 2016 1 102.67 5.22 1.748 237.94 
 CS 2016 2 75.91 5.00 2.063 342.52 
 CS 2016 3 97.96 5.18 1.862 275.65 







A2.3. Winter wheat yield (WwY) and winter wheat net revenue (WwNR) in different 
cropping systems. Rot, rotation; Rep, replication. CPWwS, corn-pea-winter wheat-
soybean; COWwS, corn-oat-winter wheat-soybean. 
Rot Year Rep WwY WwNR 
      Mg ha-1  $ ha-1 
 CPWwS 2013 1 1.84 10.73 
 CPWwS 2013 2 1.64 -37.84 
 CPWwS 2013 3 1.79 -0.92 
 CPWwS 2013 4 1.88 20.85 
 CPWwS 2014 1 2.49 198.79 
 CPWwS 2014 2 2.73 247.89 
 CPWwS 2014 3 2.51 204.71 
 CPWwS 2014 4 2.53 208.12 
 CPWwS 2015 1 2.72 -18.62 
 CPWwS 2015 2 2.77 -10.70 
 CPWwS 2015 3 2.62 -34.40 
 CPWwS 2015 4 2.58 -39.52 
 CPWwS 2016 1 4.57 222.50 
 CPWwS 2016 2 4.25 179.80 
 CPWwS 2016 3 4.24 179.17 
 CPWwS 2016 4 4.30 187.19 
 COWwS 2013 1 1.57 -56.25 
 COWwS 2013 2 1.40 -97.06 
 COWwS 2013 3 1.50 -72.05 
 COWwS 2013 4 1.25 -133.95 
 COWwS 2014 1 2.33 149.90 
 COWwS 2014 2 2.42 167.96 
 COWwS 2014 3 2.36 156.36 
 COWwS 2014 4 2.51 186.07 
 COWwS 2015 1 2.61 -54.79 
 COWwS 2015 2 2.86 -15.95 
 COWwS 2015 3 2.55 -64.37 
 COWwS 2015 4 2.41 -85.39 
 COWwS 2016 1 4.44 172.27 
 COWwS 2016 2 4.59 192.22 
 COWwS 2016 3 4.55 186.85 






A2.4. Pea yield (PY) and pea net revenue (PNR) in different cropping systems. Rot, 
rotation; Rep, replication. CPWwS, corn-pea-winter wheat-soybean; CSSwP, corn-
soybean-spring wheat-pea. 
Rot Year Rep PY PNR 
      Mg ha-1  $ ha-1 
 CPWwS 2013 1 1.54 245.20 
 CPWwS 2013 2 1.57 254.45 
 CPWwS 2013 3 1.56 251.41 
 CPWwS 2013 4 1.43 210.05 
 CPWwS 2014 1 3.45 633.38 
 CPWwS 2014 2 3.17 558.89 
 CPWwS 2014 3 3.13 548.68 
 CPWwS 2014 4 3.48 643.16 
 CPWwS 2015 1 2.53 472.08 
 CPWwS 2015 2 2.72 528.37 
 CPWwS 2015 3 2.35 419.05 
 CPWwS 2015 4 2.52 469.12 
 CPWwS 2016 1 2.85 377.22 
 CPWwS 2016 2 2.62 322.36 
 CPWwS 2016 3 2.79 363.39 
 CPWwS 2016 4 2.99 412.55 
 CSSwP 2013 1 1.61 269.04 
 CSSwP 2013 2 1.73 307.49 
 CSSwP 2013 3 1.41 201.93 
 CSSwP 2013 4 1.85 346.64 
 CSSwP 2014 1 4.03 790.55 
 CSSwP 2014 2 3.60 674.49 
 CSSwP 2014 3 3.85 741.09 
 CSSwP 2014 4 3.51 650.45 
 CSSwP 2015 1 3.62 795.92 
 CSSwP 2015 2 3.77 839.21 
 CSSwP 2015 3 3.61 790.23 
 CSSwP 2015 4 3.40 728.51 
 CSSwP 2016 1 3.27 481.84 
 CSSwP 2016 2 3.21 465.79 
 CSSwP 2016 3 3.38 509.47 






A3.1. Crop root biomass (g) under different crop rotations in 2017 and 2018 for different 
depths. Rot, rotation; Cur crop, current crop; Rep, replication; Loc, location; IR, in the 
between of row and middle row; Mid, middle row. CPWwS, corn-pea-winter wheat-
soybean; CSSwP, corn-soybean-spring wheat-pea; COWwS, corn-oat-winter wheat-
soybean; CSSwSf, corn-soybean-spring wheat-sunflower; CS, corn-soybean; C, corn; P, 















2017 COWwS C 1 IR 0.009 0.003 0.003 0.004 0.038 
2017 COWwS C 1 Mid 0.009 0.004 0.013 0.002 0.008 
2017 COWwS C 1 Row 0.112 0.010 0.013 0.001 0.026 
2017 CSSwP P 1 IR 0.010 0.010 0.003 0.002 0.013 
2017 CSSwP P 1 Mid 0.009 0.004 0.004 0.003 0.003 
2017 CSSwP P 1 Row 0.063 0.005 0.003 0.002 0.001 
2017 COWwS O 1 IR 0.022 0.002 0.003 0.004 0.001 
2017 COWwS O 1 Mid 0.032 0.045 0.008 0.033 0.006 
2017 COWwS O 1 Row 0.004 0.082 0.006 0.003 0.010 
2017 CSSwSf Sf 1 IR 0.010 0.005 0.003 0.000 0.004 
2017 CSSwSf Sf 1 Mid 0.024 0.011 0.002 0.002 0.001 
2017 CSSwSf Sf 1 Row 0.030 0.003 0.003 0.002 0.008 
2017 CS S 1 IR 0.033 0.002 0.001 0.001 0.001 
2017 CS S 1 Mid 0.023 0.020 0.010 0.003 0.002 
2017 CS S 1 Row 0.015 0.012 0.001 0.001 0.008 
2017 CPWwS S 1 IR 0.009 0.004 0.002 0.001 0.001 
2017 CPWwS S 1 Mid 0.008 0.009 0.000 0.004 0.000 
2017 CPWwS S 1 Row 0.018 0.007 0.004 0.005 0.002 
2017 CSSwP S 1 IR 0.017 0.013 0.002 0.001 0.002 
2017 CSSwP S 1 Mid 0.025 0.007 0.007 0.002 0.001 
2017 CSSwP S 1 Row 0.011 0.020 0.004 0.005 0.001 
2017 CPWwS Ww 1 IR 0.040 0.024 0.006 0.013 0.016 
2017 CPWwS Ww 1 Mid 0.017 0.019 0.007 0.005 0.005 
2017 CPWwS Ww 1 Row 0.044 0.021 0.005 0.004 0.012 
2017 CSSwSf Sw 1 IR 0.016 0.011 0.008 0.008 0.013 
2017 CSSwSf Sw 1 Mid 0.010 0.005 0.010 0.006 0.011 
2017 CSSwSf Sw 1 Row 0.015 0.004 0.007 0.004 0.010 
2017 CPWwS C 1 IR 0.005 0.002 0.003 0.003 0.005 
2017 CPWwS C 1 Mid 0.009 0.003 0.001 0.002 0.002 
2017 CPWwS C 1 Row 0.002 0.009 0.003 0.002 0.002 
2017 CSSwSf S 1 IR 0.021 0.008 0.002 0.001 0.001 
2017 CSSwSf S 1 Mid 0.016 0.003 0.009 0.002 0.002 



















2017 CPWwS P 1 IR 0.016 0.014 0.007 0.004 0.003 
2017 CPWwS P 1 Mid 0.007 0.002 0.029 0.022 0.006 
2017 CPWwS P 1 Row 0.009 0.013 0.027 0.005 0.003 
2017 COWwS S 1 IR 0.008 0.005 0.001 0.003 0.001 
2017 COWwS S 1 Mid 0.008 0.004 0.012 0.000 0.001 
2017 COWwS S 1 Row 0.004 0.002 0.003 0.007 0.005 
2017 CSSwP Sw 1 IR 0.012 0.006 0.006 0.003 0.002 
2017 CSSwP Sw 1 Mid 0.010 0.006 0.005 0.003 0.001 
2017 CSSwP Sw 1 Row 0.033 0.008 0.007 0.002 0.006 
2017 CSSwP C 1 IR 0.002 0.009 0.006 0.002 0.001 
2017 CSSwP C 1 Mid 0.002 0.003 0.004 0.013 0.024 
2017 CSSwP C 1 Row 0.009 0.004 0.006 0.002 0.001 
2017 COWwS Ww 1 IR 0.046 0.007 0.001 0.008 0.004 
2017 COWwS Ww 1 Mid 0.039 0.006 0.005 0.004 0.008 
2017 COWwS Ww 1 Row 0.085 0.012 0.006 0.003 0.008 
2017 CS C 1 IR 0.014 0.008 0.002 0.001 0.014 
2017 CS C 1 Mid 0.024 0.009 0.004 0.002 0.025 
2017 CS C 1 Row 0.218 0.012 0.025 0.005 0.009 
2017 CSSwSf C 1 IR 0.004 0.007 0.005 0.006 0.001 
2017 CSSwSf C 1 Mid 0.009 0.006 0.005 0.003 0.004 
2017 CSSwSf C 1 Row 0.021 0.011 0.007 0.026 0.019 
2017 COWwS Ww 2 IR 0.027 0.009 0.006 0.003 0.015 
2017 COWwS Ww 2 Mid 0.060 0.022 0.006 0.006 0.026 
2017 COWwS Ww 2 Row 0.071 0.022 0.006 0.004 0.010 
2017 CSSwSf S 2 IR 0.045 0.006 0.003 0.002 0.001 
2017 CSSwSf S 2 Mid 0.034 0.009 0.006 0.035 0.017 
2017 CSSwSf S 2 Row 0.419 0.008 0.008 0.010 0.006 
2017 CPWwS Ww 2 IR 0.034 0.012 0.007 0.006 0.006 
2017 CPWwS Ww 2 Mid 0.004 0.006 0.048 0.003 0.006 
2017 CPWwS Ww 2 Row 0.043 0.007 0.001 0.035 0.002 
2017 COWwS C 2 IR 0.081 0.008 0.003 0.000 0.015 
2017 COWwS C 2 Mid 0.014 0.008 0.005 0.001 0.001 
2017 COWwS C 2 Row 0.014 0.009 0.003 0.004 0.000 




















2017 CSSwSf C 2 Mid 0.013 0.005 0.011 0.007 0.016 
2017 CSSwSf C 2 Row 0.024 0.035 0.022 0.006 0.003 
2017 CSSwP S 2 IR 0.024 0.019 0.017 0.047 0.003 
2017 CSSwP S 2 Mid 0.032 0.004 0.002 0.001 0.004 
2017 CSSwP S 2 Row 0.036 0.005 0.008 0.005 0.020 
2017 CSSwP C 2 IR 0.015 0.005 0.005 0.005 0.007 
2017 CSSwP C 2 Mid 0.008 0.006 0.005 0.002 0.005 
2017 CSSwP C 2 Row 0.011 0.006 0.006 0.033 0.055 
2017 CS C 2 IR 0.012 0.004 0.003 0.010 0.011 
2017 CS C 2 Mid 0.021 0.007 0.006 0.004 0.006 
2017 CS C 2 Row 0.080 0.008 0.004 0.005 0.021 
2017 CPWwS P 2 IR 0.013 0.005 0.005 0.002 0.002 
2017 CPWwS P 2 Mid 0.010 0.004 0.002 0.001 0.002 
2017 CPWwS P 2 Row 0.005 0.002 0.003 0.001 0.004 
2017 CPWwS S 2 IR 0.004 0.003 0.003 0.000 0.000 
2017 CPWwS S 2 Mid 0.006 0.004 0.001 0.002 0.002 
2017 CPWwS S 2 Row 0.005 0.026 0.008 0.011 0.002 
2017 COWwS O 2 IR 0.025 0.002 0.002 0.001 0.003 
2017 COWwS O 2 Mid 0.087 0.032 0.004 0.002 0.004 
2017 COWwS O 2 Row 0.058 0.023 0.010 0.004 0.013 
2017 CSSwP Sw 2 IR 0.012 0.007 0.004 0.004 0.002 
2017 CSSwP Sw 2 Mid 0.010 0.006 0.006 0.003 0.004 
2017 CSSwP Sw 2 Row 0.022 0.009 0.001 0.001 0.001 
2017 CS S 2 IR 0.023 0.001 0.001 0.005 0.008 
2017 CS S 2 Mid 0.014 0.003 0.004 0.000 0.001 
2017 CS S 2 Row 0.010 0.021 0.003 0.000 0.003 
2017 CSSwSf Sw 2 IR 0.009 0.004 0.003 0.006 0.004 
2017 CSSwSf Sw 2 Mid 0.018 0.001 0.009 0.008 0.030 
2017 CSSwSf Sw 2 Row 0.020 0.019 0.005 0.003 0.005 
2017 COWwS S 2 IR 0.011 0.002 0.001 0.000 0.000 
2017 COWwS S 2 Mid 0.016 0.016 0.000 0.000 0.000 
2017 COWwS S 2 Row 0.010 0.005 0.001 0.001 0.001 
2017 CSSwP P 2 IR 0.038 0.005 0.002 0.004 0.003 




















2017 CSSwP P 2 Row 0.019 0.010 0.006 0.003 0.002 
2017 CSSwSf Sf 2 IR 0.013 0.002 0.001 0.004 0.009 
2017 CSSwSf Sf 2 Mid 0.030 0.003 0.003 0.002 0.009 
2017 CSSwSf Sf 2 Row 0.025 0.006 0.007 0.004 0.002 
2017 CPWwS C 2 IR 0.006 0.003 0.003 0.003 0.011 
2017 CPWwS C 2 Mid 0.013 0.002 0.003 0.001 0.001 
2017 CPWwS C 2 Row 0.020 0.007 0.005 0.002 0.014 
2017 CSSwP Sw 3 IR 0.003 0.006 0.006 0.003 0.003 
2017 CSSwP Sw 3 Mid 0.028 0.007 0.001 0.000 0.000 
2017 CSSwP Sw 3 Row 0.034 0.008 0.003 0.000 0.002 
2017 CPWwS P 3 IR 0.002 0.009 0.001 0.001 0.002 
2017 CPWwS P 3 Mid 0.010 0.012 0.001 0.000 0.004 
2017 CPWwS P 3 Row 0.014 0.012 0.001 0.000 0.003 
2017 COWwS S 3 IR 0.011 0.005 0.005 0.002 0.000 
2017 COWwS S 3 Mid 0.131 0.003 0.005 0.002 0.002 
2017 COWwS S 3 Row 0.016 0.003 0.002 0.000 0.003 
2017 CPWwS Ww 3 IR 0.058 0.023 0.011 0.006 0.009 
2017 CPWwS Ww 3 Mid 0.033 0.007 0.004 0.004 0.008 
2017 CPWwS Ww 3 Row 0.110 0.009 0.004 0.009 0.012 
2017 CS S 3 IR 0.031 0.021 0.003 0.005 0.001 
2017 CS S 3 Mid 0.050 0.027 0.003 0.003 0.017 
2017 CS S 3 Row 0.026 0.019 0.009 0.014 0.021 
2017 CPWwS S 3 IR 0.034 0.007 0.002 0.001 0.001 
2017 CPWwS S 3 Mid 0.009 0.007 0.001 0.001 0.004 
2017 CPWwS S 3 Row 0.015 0.008 0.003 0.005 0.003 
2017 CSSwSf Sf 3 IR 0.016 0.007 0.004 0.003 0.010 
2017 CSSwSf Sf 3 Mid 0.017 0.004 0.002 0.002 0.004 
2017 CSSwSf Sf 3 Row 0.049 0.001 0.002 0.001 0.002 
2017 CSSwP S 3 IR 0.019 0.011 0.002 0.002 0.002 
2017 CSSwP S 3 Mid 0.033 0.006 0.009 0.005 0.004 
2017 CSSwP S 3 Row 0.206 0.018 0.029 0.006 0.015 
2017 COWwS Ww 3 IR 0.062 0.006 0.003 0.002 0.007 
2017 COWwS Ww 3 Mid 0.038 0.006 0.000 0.001 0.005 




















2017 CSSwSf Sw 3 IR 0.016 0.003 0.005 0.019 0.014 
2017 CSSwSf Sw 3 Mid 0.013 0.005 0.003 0.004 0.007 
2017 CSSwSf Sw 3 Row 0.017 0.008 0.003 0.003 0.004 
2017 CSSwP C 3 IR 0.010 0.008 0.006 0.005 0.003 
2017 CSSwP C 3 Mid 0.028 0.010 0.002 0.001 0.000 
2017 CSSwP C 3 Row 0.035 0.008 0.001 0.007 0.007 
2017 CSSwP P 3 IR 0.005 0.005 0.001 0.001 0.003 
2017 CSSwP P 3 Mid 0.010 0.005 0.003 0.001 0.001 
2017 CSSwP P 3 Row 0.029 0.011 0.000 0.003 0.001 
2017 COWwS O 3 IR 0.026 0.012 0.012 0.001 0.005 
2017 COWwS O 3 Mid 0.108 0.054 0.014 0.003 0.005 
2017 COWwS O 3 Row 0.149 0.038 0.004 0.003 0.014 
2017 COWwS C 3 IR 0.005 0.006 0.006 0.002 0.018 
2017 COWwS C 3 Mid 0.018 0.021 0.004 0.002 0.002 
2017 COWwS C 3 Row 0.008 0.003 0.016 0.014 0.017 
2017 CS C 3 IR 0.005 0.003 0.003 0.002 0.002 
2017 CS C 3 Mid 0.021 0.008 0.004 0.003 0.001 
2017 CS C 3 Row 0.018 0.008 0.003 0.004 0.001 
2017 CPWwS C 3 IR 0.015 0.008 0.010 0.004 0.001 
2017 CPWwS C 3 Mid 0.008 0.007 0.004 0.001 0.003 
2017 CPWwS C 3 Row 0.004 0.004 0.004 0.003 0.015 
2017 CSSwSf S 3 IR 0.040 0.020 0.009 0.030 0.051 
2017 CSSwSf S 3 Mid 0.058 0.028 0.008 0.008 0.003 
2017 CSSwSf S 3 Row 0.021 0.010 0.005 0.004 0.007 
2017 CSSwSf C 3 IR 0.011 0.006 0.009 0.005 0.009 
2017 CSSwSf C 3 Mid 0.006 0.005 0.006 0.007 0.063 
2017 CSSwSf C 3 Row 0.025 0.005 0.009 0.007 0.037 
2017 COWwS O 4 IR 0.172 0.007 0.007 0.005 0.009 
2017 COWwS O 4 Mid 0.104 0.013 0.003 0.002 0.007 
2017 COWwS O 4 Row 0.066 0.033 0.002 0.007 0.004 
2017 CPWwS Ww 4 IR 0.047 0.017 0.007 0.002 0.005 
2017 CPWwS Ww 4 Mid 0.073 0.018 0.008 0.006 0.003 
2017 CPWwS Ww 4 Row 0.143 0.013 0.007 0.006 0.004 




















2017 CSSwSf C 4 Mid 0.009 0.005 0.010 0.013 0.007 
2017 CSSwSf C 4 Row 0.023 0.008 0.016 0.004 0.005 
2017 CPWwS P 4 IR 0.012 0.009 0.027 0.001 0.008 
2017 CPWwS P 4 Mid 0.031 0.013 0.016 0.019 0.007 
2017 CPWwS P 4 Row 0.072 0.028 0.021 0.026 0.002 
2017 CPWwS S 4 IR 0.015 0.003 0.001 0.009 0.001 
2017 CPWwS S 4 Mid 0.017 0.008 0.003 0.004 0.001 
2017 CPWwS S 4 Row 0.016 0.003 0.003 0.006 0.009 
2017 COWwS C 4 IR 0.016 0.009 0.004 0.004 0.002 
2017 COWwS C 4 Mid 0.013 0.014 0.006 0.003 0.004 
2017 COWwS C 4 Row 0.053 0.015 0.056 0.005 0.036 
2017 CSSwP C 4 IR 0.011 0.008 0.006 0.006 0.006 
2017 CSSwP C 4 Mid 0.024 0.002 0.003 0.014 0.007 
2017 CSSwP C 4 Row 0.010 0.008 0.015 0.008 0.015 
2017 COWwS Ww 4 IR 0.079 0.018 0.007 0.003 0.013 
2017 COWwS Ww 4 Mid 0.050 0.013 0.015 0.005 0.031 
2017 COWwS Ww 4 Row 0.087 0.012 0.009 0.003 0.014 
2017 CSSwSf Sw 4 IR 0.005 0.006 0.010 0.003 0.006 
2017 CSSwSf Sw 4 Mid 0.018 0.004 0.006 0.007 0.006 
2017 CSSwSf Sw 4 Row 0.017 0.003 0.007 0.003 0.014 
2017 CPWwS C 4 IR 0.017 0.004 0.002 0.003 0.014 
2017 CPWwS C 4 Mid 0.012 0.007 0.006 0.001 0.005 
2017 CPWwS C 4 Row 0.038 0.020 0.016 0.002 0.013 
2017 CSSwP Sw 4 IR 0.010 0.003 0.006 0.005 0.011 
2017 CSSwP Sw 4 Mid 0.015 0.003 0.008 0.004 0.000 
2017 CSSwP Sw 4 Row 0.022 0.008 0.004 0.005 0.006 
2017 COWwS S 4 IR 0.007 0.006 0.002 0.000 0.001 
2017 COWwS S 4 Mid 0.028 0.005 0.001 0.002 0.001 
2017 COWwS S 4 Row 0.016 0.003 0.007 0.007 0.004 
2017 CSSwP S 4 IR 0.067 0.035 0.005 0.003 0.003 
2017 CSSwP S 4 Mid 0.051 0.004 0.021 0.009 0.004 
2017 CSSwP S 4 Row 0.016 0.005 0.003 0.002 0.001 
2017 CS S 4 IR 0.120 0.025 0.007 0.002 0.001 




















2017 CS S 4 Row 0.024 0.022 0.008 0.024 0.005 
2017 CSSwSf S 4 IR 0.013 0.014 0.016 0.009 0.004 
2017 CSSwSf S 4 Mid 0.029 0.014 0.007 0.002 0.001 
2017 CSSwSf S 4 Row 0.271 0.028 0.005 0.002 0.002 
2017 CSSwP P 4 IR 0.011 0.004 0.002 0.000 0.001 
2017 CSSwP P 4 Mid 0.011 0.005 0.002 0.001 0.001 
2017 CSSwP P 4 Row 0.013 0.006 0.006 0.001 0.000 
2017 CSSwSf Sf 4 IR 0.015 0.008 0.003 0.003 0.001 
2017 CSSwSf Sf 4 Mid 0.006 0.003 0.003 0.007 0.009 
2017 CSSwSf Sf 4 Row 0.033 0.004 0.001 0.003 0.004 
2017 CS C 4 IR 0.007 0.003 0.000 0.000 0.000 
2017 CS C 4 Mid 0.009 0.003 0.001 0.000 0.001 
2017 CS C 4 Row 0.006 0.005 0.002 0.001 0.003 
2018 COWwS O 1 IR 0.015 0.004 0.001 0.000 0.000 
2018 COWwS O 1 Mid 0.015 0.004 0.003 0.004 0.001 
2018 COWwS O 1 Row 0.078 0.005 0.005 0.000 0.001 
2018 CSSwP C 1 IR 0.010 0.009 0.010 0.005 0.007 
2018 CSSwP C 1 Mid 0.006 0.002 0.003 0.005 0.006 
2018 CSSwP C 1 Row 0.015 0.003 0.000 0.001 0.002 
2018 COWwS Ww 1 IR 0.026 0.016 0.005 0.008 0.042 
2018 COWwS Ww 1 Mid 0.037 0.004 0.004 0.010 0.003 
2018 COWwS Ww 1 Row 0.222 0.012 0.006 0.003 0.005 
2018 CSSwSf C 1 IR 0.038 0.005 0.004 0.001 0.001 
2018 CSSwSf C 1 Mid 0.042 0.006 0.007 0.004 0.007 
2018 CSSwSf C 1 Row 0.055 0.009 0.011 0.004 0.045 
2018 CS C 1 IR 0.059 0.007 0.003 0.000 0.001 
2018 CS C 1 Mid 0.040 0.014 0.014 0.001 0.001 
2018 CS C 1 Row 0.049 0.019 0.004 0.002 0.001 
2018 CPWwS C 1 IR 0.020 0.011 0.006 0.007 0.004 
2018 CPWwS C 1 Mid 0.040 0.011 0.004 0.009 0.007 
2018 CPWwS C 1 Row 0.025 0.017 0.006 0.003 0.016 
2018 CSSwP Sw 1 IR 0.062 0.009 0.006 0.003 0.004 
2018 CSSwP Sw 1 Mid 0.016 0.017 0.004 0.003 0.009 




















2017 CS S 4 Row 0.024 0.022 0.008 0.024 0.005 
2017 CSSwSf S 4 IR 0.013 0.014 0.016 0.009 0.004 
2017 CSSwSf S 4 Mid 0.029 0.014 0.007 0.002 0.001 
2017 CSSwSf S 4 Row 0.271 0.028 0.005 0.002 0.002 
2017 CSSwP P 4 IR 0.011 0.004 0.002 0.000 0.001 
2017 CSSwP P 4 Mid 0.011 0.005 0.002 0.001 0.001 
2017 CSSwP P 4 Row 0.013 0.006 0.006 0.001 0.000 
2017 CSSwSf Sf 4 IR 0.015 0.008 0.003 0.003 0.001 
2017 CSSwSf Sf 4 Mid 0.006 0.003 0.003 0.007 0.009 
2017 CSSwSf Sf 4 Row 0.033 0.004 0.001 0.003 0.004 
2017 CS C 4 IR 0.007 0.003 0.000 0.000 0.000 
2017 CS C 4 Mid 0.009 0.003 0.001 0.000 0.001 
2017 CS C 4 Row 0.006 0.005 0.002 0.001 0.003 
2018 COWwS O 1 IR 0.015 0.004 0.001 0.000 0.000 
2018 COWwS O 1 Mid 0.015 0.004 0.003 0.004 0.001 
2018 COWwS O 1 Row 0.078 0.005 0.005 0.000 0.001 
2018 CSSwP C 1 IR 0.010 0.009 0.010 0.005 0.007 
2018 CSSwP C 1 Mid 0.006 0.002 0.003 0.005 0.006 
2018 CSSwP C 1 Row 0.015 0.003 0.000 0.001 0.002 
2018 COWwS Ww 1 IR 0.026 0.016 0.005 0.008 0.042 
2018 COWwS Ww 1 Mid 0.037 0.004 0.004 0.010 0.003 
2018 COWwS Ww 1 Row 0.222 0.012 0.006 0.003 0.005 
2018 CSSwSf C 1 IR 0.038 0.005 0.004 0.001 0.001 
2018 CSSwSf C 1 Mid 0.042 0.006 0.007 0.004 0.007 
2018 CSSwSf C 1 Row 0.055 0.009 0.011 0.004 0.045 
2018 CS C 1 IR 0.059 0.007 0.003 0.000 0.001 
2018 CS C 1 Mid 0.040 0.014 0.014 0.001 0.001 
2018 CS C 1 Row 0.049 0.019 0.004 0.002 0.001 
2018 CPWwS C 1 IR 0.020 0.011 0.006 0.007 0.004 
2018 CPWwS C 1 Mid 0.040 0.011 0.004 0.009 0.007 
2018 CPWwS C 1 Row 0.025 0.017 0.006 0.003 0.016 
2018 CSSwP Sw 1 IR 0.062 0.009 0.006 0.003 0.004 
2018 CSSwP Sw 1 Mid 0.016 0.017 0.004 0.003 0.009 




















2018 CPWwS S 1 IR 0.002 0.021 0.001 0.000 0.001 
2018 CPWwS S 1 Mid 0.042 0.004 0.002 0.001 0.002 
2018 CPWwS S 1 Row 0.020 0.003 0.008 0.003 0.001 
2018 CSSwSf Sf 1 IR 0.019 0.002 0.000 0.161 0.000 
2018 CSSwSf Sf 1 Mid 0.012 0.004 0.019 0.010 0.003 
2018 CSSwSf Sf 1 Row 0.026 0.001 0.002 0.000 0.005 
2018 CPWwS P 1 IR 0.014 0.005 0.001 0.001 0.002 
2018 CPWwS P 1 Mid 0.013 0.025 0.006 0.001 0.003 
2018 CPWwS P 1 Row 0.010 0.009 0.006 0.001 0.003 
2018 CSSwSf Sw 1 IR 0.021 0.016 0.006 0.004 0.003 
2018 CSSwSf Sw 1 Mid 0.025 0.003 0.005 0.002 0.013 
2018 CSSwSf Sw 1 Row 0.024 0.010 0.005 0.004 0.021 
2018 CPWwS Ww 1 IR 0.135 0.061 0.017 0.005 0.046 
2018 CPWwS Ww 1 Mid 0.018 0.016 0.010 0.006 0.006 
2018 CPWwS Ww 1 Row 0.048 0.011 0.006 0.006 0.018 
2018 COWwS C 1 IR 0.033 0.010 0.006 0.003 0.003 
2018 COWwS C 1 Mid 0.028 0.004 0.007 0.001 0.019 
2018 COWwS C 1 Row 0.031 0.019 0.010 0.004 0.002 
2018 CSSwP P 1 IR 0.015 0.002 0.001 0.002 0.001 
2018 CSSwP P 1 Mid 0.008 0.004 0.000 0.000 0.001 
2018 CSSwP P 1 Row 0.010 0.003 0.000 0.000 0.001 
2018 CSSwP S 1 IR 0.010 0.003 0.002 0.001 0.001 
2018 CSSwP S 1 Mid 0.012 0.003 0.002 0.002 0.002 
2018 CSSwP S 1 Row 0.461 0.005 0.004 0.001 0.003 
2018 COWwS S 1 IR 0.014 0.002 0.001 0.001 0.001 
2018 COWwS S 1 Mid 0.019 0.000 0.000 0.000 0.000 
2018 COWwS S 1 Row 0.024 0.003 0.001 0.001 0.000 
2018 CS S 1 IR 0.005 0.003 0.002 0.003 0.003 
2018 CS S 1 Mid 0.027 0.004 0.007 0.000 0.007 
2018 CS S 1 Row 0.019 0.001 0.003 0.000 0.000 
2018 CSSwSf S 1 IR 0.080 0.003 0.001 0.002 0.001 
2018 CSSwSf S 1 Mid 0.014 0.004 0.000 0.000 0.001 
2018 CSSwSf S 1 Row 0.018 0.002 0.001 0.000 0.000 




















2018 COWwS S 2 Mid 0.010 0.001 0.004 0.000 0.001 
2018 COWwS S 2 Row 0.026 0.011 0.003 0.001 0.001 
2018 CSSwSf Sw 2 IR 0.016 0.008 0.007 0.003 0.005 
2018 CSSwSf Sw 2 Mid 0.023 0.013 0.005 0.008 0.001 
2018 CSSwSf Sw 2 Row 0.029 0.005 0.003 0.002 0.001 
2018 CPWwS S 2 IR 0.009 0.001 0.000 0.000 0.000 
2018 CPWwS S 2 Mid 0.030 0.001 0.001 0.002 0.004 
2018 CPWwS S 2 Row 0.077 0.004 0.009 0.002 0.002 
2018 COWwS O 2 IR 0.027 0.007 0.004 0.002 0.003 
2018 COWwS O 2 Mid 0.030 0.014 0.019 0.005 0.015 
2018 COWwS O 2 Row 0.055 0.006 0.005 0.005 0.007 
2018 CSSwSf S 2 IR 0.030 0.005 0.003 0.001 0.006 
2018 CSSwSf S 2 Mid 0.007 0.002 0.002 0.001 0.001 
2018 CSSwSf S 2 Row 0.091 0.006 0.007 0.008 0.002 
2018 CSSwP Sw 2 IR 0.022 0.010 0.005 0.000 0.003 
2018 CSSwP Sw 2 Mid 0.021 0.007 0.002 0.000 0.004 
2018 CSSwP Sw 2 Row 0.043 0.008 0.001 0.002 0.004 
2018 CSSwP S 2 IR 0.010 0.004 0.002 0.006 0.001 
2018 CSSwP S 2 Mid 0.028 0.008 0.000 0.001 0.001 
2018 CSSwP S 2 Row 0.287 0.007 0.001 0.007 0.008 
2018 CS S 2 IR 0.006 0.006 0.002 0.002 0.001 
2018 CS S 2 Mid 0.007 0.007 0.004 0.000 0.001 
2018 CS S 2 Row 0.013 0.007 0.003 0.003 0.005 
2018 CPWwS Ww 2 IR 0.032 0.009 0.007 0.012 0.009 
2018 CPWwS Ww 2 Mid 0.025 0.012 0.004 0.003 0.007 
2018 CPWwS Ww 2 Row 0.086 0.017 0.008 0.004 0.015 
2018 CPWwS C 2 IR 0.053 0.013 0.009 0.000 0.004 
2018 CPWwS C 2 Mid 0.032 0.017 0.014 0.006 0.008 
2018 CPWwS C 2 Row 0.025 0.008 0.007 0.009 0.008 
2018 COWwS Ww 2 IR 0.052 0.017 0.003 0.004 0.009 
2018 COWwS Ww 2 Mid 0.031 0.002 0.004 0.008 0.008 
2018 COWwS Ww 2 Row 0.048 0.008 0.008 0.008 0.002 
2018 CSSwP P 2 IR 0.017 0.006 0.001 0.003 0.002 




















2018 CSSwP P 2 Row 0.031 0.012 0.007 0.001 0.001 
2018 CS C 2 IR 0.032 0.016 0.002 0.001 0.003 
2018 CS C 2 Mid 0.033 0.015 0.006 0.005 0.002 
2018 CS C 2 Row 0.119 0.008 0.017 0.008 0.004 
2018 CSSwSf Sf 2 IR 0.015 0.001 0.003 0.003 0.003 
2018 CSSwSf Sf 2 Mid 0.015 0.003 0.000 0.004 0.013 
2018 CSSwSf Sf 2 Row 0.080 0.002 0.001 0.009 0.037 
2018 COWwS C 2 IR 0.025 0.014 0.007 0.003 0.011 
2018 COWwS C 2 Mid 0.048 0.007 0.003 -0.010 0.010 
2018 COWwS C 2 Row 0.021 0.010 0.006 0.005 0.010 
2018 CSSwP C 2 IR 0.021 0.005 0.006 0.022 0.007 
2018 CSSwP C 2 Mid 0.023 0.007 0.007 0.002 0.002 
2018 CSSwP C 2 Row 0.016 0.004 0.006 0.008 0.009 
2018 CSSwSf C 2 IR 0.035 0.007 0.007 0.002 0.000 
2018 CSSwSf C 2 Mid 0.068 0.032 0.012 0.004 0.035 
2018 CSSwSf C 2 Row 0.364 0.020 0.014 0.001 0.002 
2018 CPWwS P 2 IR 0.017 0.005 0.002 0.005 0.001 
2018 CPWwS P 2 Mid 0.015 0.006 0.003 0.002 0.008 
2018 CPWwS P 2 Row 0.015 0.003 0.003 0.004 0.001 
2018 CSSwP P 3 IR 0.008 0.008 0.003 0.001 0.008 
2018 CSSwP P 3 Mid 0.032 0.019 0.006 0.006 0.001 
2018 CSSwP P 3 Row 0.025 0.011 0.002 0.001 0.002 
2018 CPWwS Ww 3 IR 0.008 0.005 0.004 0.001 0.002 
2018 CPWwS Ww 3 Mid 0.024 0.005 0.005 0.004 0.004 
2018 CPWwS Ww 3 Row 0.107 0.008 0.008 0.003 0.008 
2018 COWwS C 3 IR 0.031 0.010 0.009 0.003 0.004 
2018 COWwS C 3 Mid 0.070 0.022 0.011 0.009 0.018 
2018 COWwS C 3 Row 0.059 0.029 0.049 0.027 0.025 
2018 CPWwS S 3 IR 0.011 0.003 0.001 0.001 0.002 
2018 CPWwS S 3 Mid 0.017 0.012 0.004 0.004 0.005 
2018 CPWwS S 3 Row 0.080 0.002 0.000 0.002 0.002 
2018 CS C 3 IR 0.023 0.020 0.043 0.024 0.035 
2018 CS C 3 Mid 0.026 0.018 0.013 0.004 0.004 




















2018 CPWwS C 3 IR 0.043 0.012 0.013 0.025 0.010 
2018 CPWwS C 3 Mid 0.033 0.009 0.005 0.005 0.005 
2018 CPWwS C 3 Row 0.046 0.015 0.013 0.003 0.012 
2018 CSSwSf C 3 IR 0.053 0.034 0.007 0.001 0.008 
2018 CSSwSf C 3 Mid 0.025 0.012 0.004 0.002 0.002 
2018 CSSwSf C 3 Row 0.012 0.026 0.007 0.008 0.003 
2018 CSSwP Sw 3 IR 0.022 0.007 0.005 0.002 0.000 
2018 CSSwP Sw 3 Mid 0.028 0.004 0.007 0.005 0.001 
2018 CSSwP Sw 3 Row 0.026 0.010 0.009 0.002 0.001 
2018 COWwS S 3 IR 0.034 0.008 0.006 0.009 0.002 
2018 COWwS S 3 Mid 0.020 0.007 0.003 0.004 0.003 
2018 COWwS S 3 Row 0.029 0.015 0.002 0.003 0.006 
2018 CSSwSf Sf 3 IR 0.014 0.003 0.002 0.002 0.003 
2018 CSSwSf Sf 3 Mid 0.006 0.004 0.003 0.004 0.005 
2018 CSSwSf Sf 3 Row 0.191 0.006 0.004 0.001 0.001 
2018 CSSwP S 3 IR 0.008 0.003 0.002 0.004 0.007 
2018 CSSwP S 3 Mid 0.014 0.006 0.006 0.004 0.002 
2018 CSSwP S 3 Row 0.019 0.008 0.001 0.001 0.002 
2018 CSSwP C 3 IR 0.005 0.003 0.003 0.001 0.001 
2018 CSSwP C 3 Mid 0.015 0.006 0.005 0.002 0.004 
2018 CSSwP C 3 Row 0.042 0.029 0.007 0.010 0.030 
2018 COWwS Ww 3 IR 0.074 0.018 0.004 0.004 0.008 
2018 COWwS Ww 3 Mid 0.118 0.010 0.005 0.004 0.004 
2018 COWwS Ww 3 Row 0.075 0.011 0.004 0.006 0.006 
2018 COWwS O 3 IR 0.008 0.005 0.003 0.002 0.005 
2018 COWwS O 3 Mid 0.016 0.003 0.003 0.002 0.003 
2018 COWwS O 3 Row 0.017 0.002 0.005 0.006 0.020 
2018 CS S 3 IR 0.007 0.003 0.002 0.002 0.001 
2018 CS S 3 Mid 0.009 0.011 0.006 0.002 0.008 
2018 CS S 3 Row 0.088 0.010 0.004 0.004 0.002 
2018 CPWwS P 3 IR 0.011 0.007 0.002 0.001 0.004 
2018 CPWwS P 3 Mid 0.019 0.012 0.002 0.001 0.002 
2018 CPWwS P 3 Row 0.022 0.008 0.002 0.002 0.001 




















2018 CSSwSf Sw 3 Mid 0.030 0.007 0.000 0.000 0.004 
2018 CSSwSf Sw 3 Row 0.055 0.010 0.002 0.001 0.003 
2018 CSSwSf S 3 IR 0.019 0.004 0.001 0.000 0.002 
2018 CSSwSf S 3 Mid 0.013 0.005 0.004 0.001 0.005 
2018 CSSwSf S 3 Row 0.073 0.006 0.008 0.005 0.003 
2018 COWwS Ww 4 IR 0.033 0.023 0.010 0.005 0.002 
2018 COWwS Ww 4 Mid 0.023 0.011 0.004 0.005 0.001 
2018 COWwS Ww 4 Row 0.125 0.006 0.002 0.004 0.002 
2018 CPWwS S 4 IR 0.015 0.006 0.011 0.002 0.002 
2018 CPWwS S 4 Mid 0.012 0.005 0.001 0.001 0.001 
2018 CPWwS S 4 Row 0.019 0.002 0.006 0.002 0.002 
2018 CSSwSf S 4 IR 0.043 0.010 0.005 0.002 0.006 
2018 CSSwSf S 4 Mid 0.016 0.015 0.004 0.001 0.001 
2018 CSSwSf S 4 Row 0.177 0.006 0.003 0.001 0.000 
2018 CPWwS Ww 4 IR 0.021 0.016 0.004 0.002 0.015 
2018 CPWwS Ww 4 Mid 0.062 0.014 0.008 0.003 0.010 
2018 CPWwS Ww 4 Row 0.189 0.008 0.015 0.005 0.009 
2018 CPWwS C 4 IR 0.044 0.024 0.007 0.009 0.032 
2018 CPWwS C 4 Mid 0.047 0.035 0.019 0.003 0.004 
2018 CPWwS C 4 Row 0.063 0.014 0.013 0.012 0.009 
2018 COWwS O 4 IR 0.015 0.006 0.008 0.004 0.002 
2018 COWwS O 4 Mid 0.011 0.004 0.009 0.003 0.000 
2018 COWwS O 4 Row 0.025 0.006 0.005 0.001 0.001 
2018 CSSwP S 4 IR 0.011 0.003 0.002 0.000 0.001 
2018 CSSwP S 4 Mid 0.010 0.007 0.001 0.001 0.001 
2018 CSSwP S 4 Row 0.157 0.004 0.004 0.025 0.032 
2018 COWwS S 4 IR 0.024 0.011 0.011 0.007 0.002 
2018 COWwS S 4 Mid 0.179 0.003 0.009 0.002 0.003 
2018 COWwS S 4 Row 0.029 0.016 0.008 0.006 0.003 
2018 CSSwSf Sf 4 IR 0.043 0.003 0.003 0.001 0.002 
2018 CSSwSf Sf 4 Mid 0.023 0.002 0.004 0.003 0.002 
2018 CSSwSf Sf 4 Row 0.147 0.001 0.001 0.002 0.023 
2018 CPWwS P 4 IR 0.015 0.006 0.001 0.001 0.003 




















2018 CPWwS P 4 Row 0.023 0.005 0.002 0.000 0.000 
2018 CSSwP P 4 IR 0.014 0.003 0.000 0.000 0.001 
2018 CSSwP P 4 Mid 0.018 0.005 0.001 0.006 0.001 
2018 CSSwP P 4 Row 0.006 0.009 0.002 0.001 0.000 
2018 COWwS C 4 IR 0.034 0.014 0.011 0.003 0.003 
2018 COWwS C 4 Mid 0.034 0.015 0.011 0.007 0.001 
2018 COWwS C 4 Row 0.080 0.012 0.012 0.003 0.123 
2018 CSSwP Sw 4 IR 0.023 0.003 0.003 0.001 0.001 
2018 CSSwP Sw 4 Mid 0.036 0.021 0.005 0.002 0.003 
2018 CSSwP Sw 4 Row 0.021 0.011 0.004 0.000 0.004 
2018 CS C 4 IR 0.024 0.012 0.007 0.004 0.001 
2018 CS C 4 Mid 0.030 0.012 0.009 0.007 0.001 
2018 CS C 4 Row 0.043 0.024 0.049 0.011 0.048 
2018 CSSwSf Sw 4 IR 0.024 0.009 0.001 0.005 0.002 
2018 CSSwSf Sw 4 Mid 0.010 0.003 0.008 0.002 0.007 
2018 CSSwSf Sw 4 Row 0.027 0.011 0.003 0.003 0.006 
2018 CSSwP C 4 IR 0.021 0.008 0.003 0.000 0.003 
2018 CSSwP C 4 Mid 0.023 0.007 0.007 0.017 0.001 
2018 CSSwP C 4 Row 0.024 0.004 0.003 0.005 0.006 
2018 CSSwSf C 4 IR 0.021 0.007 0.002 0.000 0.001 
2018 CSSwSf C 4 Mid 0.036 0.015 0.008 0.002 0.013 
2018 CSSwSf C 4 Row 0.078 0.017 0.023 0.004 0.053 
2018 CS S 4 IR 0.023 0.009 0.008 0.001 0.005 
2018 CS S 4 Mid 0.022 0.007 0.001 0.002 0.002 











A4.1. Crop root length density (cm cm-3) under different crop rotations in 2017 and 2018 
for different depths. Rot, rotation; Cur crop, current crop; Rep, replication; Loc, location; 
IR, in the between of row and middle row; Mid, middle row. CPWwS, corn-pea-winter 
wheat-soybean; CSSwP, corn-soybean-spring wheat-pea; COWwS, corn-oat-winter 
wheat-soybean; CSSwSf, corn-soybean-spring wheat-sunflower; CS, corn-soybean; C, 

















2017 COWwS C 1 IR 0.78 0.39 0.59 0.46 0.40 0.05 
2017 COWwS C 1 Mid 1.03 0.41 0.79 0.31 0.31 0.04 
2017 COWwS C 1 Row 3.36 0.76 0.49 0.26 0.20 0.02 
2017 CSSwP P 1 IR 1.30 1.17 0.43 0.34 0.02 0.69 
2017 CSSwP P 1 Mid 1.12 0.57 0.37 0.21 0.18 0.01 
2017 CSSwP P 1 Row 3.80 1.20 0.49 0.26 0.02 0.06 
2017 COWwS O 1 IR 3.41 0.62 0.68 0.55 0.04 0.02 
2017 COWwS O 1 Mid 4.19 2.25 1.37 1.76 0.37 0.03 
2017 COWwS O 1 Row 1.16 3.30 1.05 0.40 0.29 0.15 
2017 CSSwSf S 1 IR 1.66 0.38 0.57 0.05 0.03 0.16 
2017 CSSwSf S 1 Mid 2.95 1.81 0.07 0.18 0.09 0.03 
2017 CSSwSf S 1 Row 2.60 0.39 0.31 0.11 0.17 0.07 
2017 CS S 1 IR 2.46 0.11 0.20 0.12 0.01 0.01 
2017 CS S 1 Mid 2.97 2.40 1.68 0.43 0.10 0.02 
2017 CS S 1 Row 0.92 1.30 0.23 0.03 0.02 0.05 
2017 CPWwS S 1 IR 1.14 0.79 0.47 0.04 0.03 0.02 
2017 CPWwS S 1 Mid 1.48 1.13 0.30 0.33 0.02 0.06 
2017 CPWwS S 1 Row 0.97 0.97 0.44 0.65 0.03 0.02 
2017 CSSwP S 1 IR 2.13 1.99 0.59 0.27 0.04 0.01 
2017 CSSwP S 1 Mid 2.16 0.89 0.86 0.28 0.03 0.03 
2017 CSSwP S 1 Row 1.72 0.61 0.59 0.50 0.10 0.02 
2017 CPWwS W 1 IR 7.20 4.18 0.98 1.90 0.87 0.10 
2017 CPWwS W 1 Mid 3.20 3.74 1.56 0.74 0.22 0.12 
2017 CPWwS W 1 Row 6.05 2.22 1.55 0.99 0.81 0.26 
2017 CSSwSf S 1 IR 2.36 1.09 0.85 1.07 0.70 0.46 
2017 CSSwSf S 1 Mid 1.53 1.05 1.47 1.11 0.36 0.04 
2017 CSSwSf S 1 Row 1.94 0.57 1.16 0.65 0.64 0.11 
2017 CPWwS C 1 IR 0.51 0.42 0.30 0.57 0.19 0.08 
2017 CPWwS C 1 Mid 0.80 0.45 0.39 0.38 0.05 0.05 
2017 CPWwS C 1 Row 0.27 0.63 0.53 0.37 0.24 0.01 























2017 CSSwSf S 1 Mid 1.33 0.39 0.53 0.27 0.10 0.01 
2017 CSSwSf S 1 Row 1.69 0.15 0.28 0.13 0.12 0.01 
2017 CPWwS P 1 IR 2.21 1.25 0.53 0.41 0.08 0.05 
2017 CPWwS P 1 Mid 0.69 0.18 1.43 1.61 0.06 0.21 
2017 CPWwS P 1 Row 1.41 1.07 1.20 0.62 0.05 0.03 
2017 COWwS S 1 IR 0.93 0.83 0.28 0.73 0.05 0.03 
2017 COWwS S 1 Mid 1.15 0.49 1.68 0.02 0.03 0.01 
2017 COWwS S 1 Row 0.32 0.18 0.31 0.92 0.31 0.00 
2017 CSSwP S 1 IR 2.52 0.97 0.75 0.48 0.06 0.10 
2017 CSSwP S 1 Mid 1.42 0.76 0.78 0.51 0.08 0.03 
2017 CSSwP S 1 Row 4.08 1.27 1.06 0.44 0.16 0.23 
2017 CSSwP C 1 IR 0.20 0.86 0.92 0.23 0.04 0.02 
2017 CSSwP C 1 Mid 0.28 0.52 0.50 0.87 0.59 0.02 
2017 CSSwP C 1 Row 0.44 0.62 0.49 0.34 0.04 0.02 
2017 COWwS W 1 IR 7.15 1.62 0.21 1.75 0.15 0.35 
2017 COWwS W 1 Mid 6.35 1.13 0.89 0.66 0.33 0.09 
2017 COWwS W 1 Row 8.41 2.64 1.95 0.44 0.41 0.19 
2017 CS C 1 IR 1.10 0.93 0.26 0.17 0.64 0.01 
2017 CS C 1 Mid 1.63 0.94 0.52 0.20 0.19 0.07 
2017 CS C 1 Row 2.29 1.26 1.63 0.59 0.07 0.06 
2017 CSSwSf C 1 IR 0.66 0.81 0.67 0.60 0.02 0.02 
2017 CSSwSf C 1 Mid 0.73 0.69 0.69 0.24 0.10 0.03 
2017 CSSwSf C 1 Row 1.66 0.61 0.69 1.36 0.64 0.01 
2017 COWwS W 2 IR 6.10 2.07 0.95 0.62 0.77 0.27 
2017 COWwS W 2 Mid 9.22 5.01 1.20 1.28 0.79 1.29 
2017 COWwS W 2 Row 7.94 3.48 1.39 0.59 0.56 0.17 
2017 CSSwSf S 2 IR 2.39 0.80 0.46 0.20 0.03 0.01 
2017 CSSwSf S 2 Mid 3.10 1.16 0.58 0.46 0.44 0.03 
2017 CSSwSf S 2 Row 3.88 0.82 0.39 0.46 0.34 0.02 
2017 CPWwS W 2 IR 5.82 1.74 1.30 0.76 0.20 0.16 
2017 CPWwS W 2 Mid 7.14 1.09 8.15 0.43 0.11 0.21 
2017 CPWwS W 2 Row 3.92 1.55 0.36 5.05 0.13 0.04 
2017 COWwS C 2 IR 1.70 1.30 0.56 0.07 0.37 0.03 
2017 COWwS C 2 Mid 1.18 0.96 0.40 0.25 0.08 0.03 
2017 COWwS C 2 Row 1.52 1.01 0.33 0.40 0.04 0.01 
2017 CSSwSf C 2 IR 0.73 0.62 1.04 0.19 0.01 0.01 
2017 CSSwSf C 2 Mid 1.38 0.85 0.97 0.53 0.29 0.04 
2017 CSSwSf C 2 Row 1.54 1.29 1.07 0.63 0.17 0.02 





















2017 CSSwP S 2 Mid 3.13 0.61 0.35 0.11 0.03 0.04 
2017 CSSwP S 2 Row 3.57 0.57 0.43 0.17 0.52 0.08 
2017 CSSwP C 2 IR 1.00 1.03 0.55 0.40 0.12 0.03 
2017 CSSwP C 2 Mid 0.60 0.92 1.17 0.46 0.21 0.02 
2017 CSSwP C 2 Row 1.09 0.97 1.11 1.14 0.38 0.14 
2017 CS C 2 IR 1.51 0.50 0.43 1.31 0.53 0.05 
2017 CS C 2 Mid 1.86 0.98 0.76 0.65 0.29 0.01 
2017 CS C 2 Row 2.51 0.80 0.64 0.23 0.54 0.14 
2017 CPWwS P 2 IR 1.13 0.80 0.54 0.17 0.09 0.02 
2017 CPWwS P 2 Mid 1.30 0.52 0.27 0.18 0.07 0.05 
2017 CPWwS P 2 Row 0.78 0.44 0.64 0.12 0.05 0.04 
2017 CPWwS S 2 IR 0.41 0.66 0.36 0.06 0.04 0.00 
2017 CPWwS S 2 Mid 0.65 0.51 0.26 0.24 0.10 0.01 
2017 CPWwS S 2 Row 0.43 0.73 0.77 0.61 0.13 0.01 
2017 COWwS O 2 IR 1.83 0.40 0.60 0.23 0.16 0.04 
2017 COWwS O 2 Mid 4.00 2.13 0.61 0.44 0.22 0.09 
2017 COWwS O 2 Row 5.24 2.92 1.58 0.94 0.32 0.19 
2017 CSSwP S 2 IR 2.49 1.25 0.67 0.74 0.15 0.04 
2017 CSSwP S 2 Mid 1.38 0.94 1.10 0.87 0.32 0.08 
2017 CSSwP S 2 Row 2.84 1.44 0.60 0.19 0.12 0.04 
2017 CS S 2 IR 2.02 0.08 0.20 0.33 0.21 0.06 
2017 CS S 2 Mid 1.63 0.37 0.27 0.04 0.03 0.01 
2017 CS S 2 Row 0.91 1.05 0.25 0.16 0.13 0.03 
2017 CSSwSf S 2 IR 1.16 1.26 0.61 1.13 0.31 0.05 
2017 CSSwSf S 2 Mid 2.11 0.21 1.07 1.57 1.03 0.10 
2017 CSSwSf S 2 Row 2.35 4.12 0.57 0.61 0.37 0.06 
2017 COWwS S 2 IR 1.34 0.27 0.16 0.08 0.01 0.02 
2017 COWwS S 2 Mid 1.79 1.41 0.04 0.03 0.01 0.01 
2017 COWwS S 2 Row 1.05 0.59 0.27 0.38 0.06 0.01 
2017 CSSwP P 2 IR 3.05 0.71 0.36 0.24 0.04 0.07 
2017 CSSwP P 2 Mid 2.18 1.09 1.29 0.11 0.12 0.02 
2017 CSSwP P 2 Row 2.28 0.87 0.90 0.31 0.06 0.01 
2017 CSSwSf S 2 IR 1.48 0.33 0.15 0.43 0.21 0.39 
2017 CSSwSf S 2 Mid 3.33 0.58 0.02 0.10 0.50 0.18 
2017 CSSwSf S 2 Row 3.23 0.57 0.89 0.43 0.14 0.01 
2017 CPWwS C 2 IR 0.73 0.58 0.67 0.25 0.29 0.04 
2017 CPWwS C 2 Mid 1.77 0.43 0.49 0.05 0.01 0.02 
2017 CPWwS C 2 Row 1.72 0.81 0.80 0.34 0.13 0.01 





















2017 CSSwP S 3 Mid 1.81 2.00 0.46 0.13 0.05 0.02 
2017 CSSwP S 3 Row 3.92 1.59 0.93 0.14 0.10 0.03 
2017 CPWwS P 3 IR 0.21 1.32 0.26 0.10 0.13 0.03 
2017 CPWwS P 3 Mid 0.98 1.59 0.08 0.01 0.21 0.06 
2017 CPWwS P 3 Row 1.10 1.59 0.09 0.05 0.05 0.05 
2017 COWwS S 3 IR 1.20 0.79 0.72 0.29 0.01 0.01 
2017 COWwS S 3 Mid 1.71 0.54 0.39 0.25 0.06 0.08 
2017 COWwS S 3 Row 1.57 0.40 0.23 0.13 0.07 0.04 
2017 CPWwS W 3 IR 9.94 3.40 1.04 0.90 0.34 0.28 
2017 CPWwS W 3 Mid 3.41 0.85 0.84 0.63 0.38 0.09 
2017 CPWwS W 3 Row 8.39 1.13 0.91 1.28 0.71 0.08 
2017 CS S 3 IR 3.47 2.36 0.62 0.87 0.03 0.01 
2017 CS S 3 Mid 2.34 2.20 0.34 0.38 0.13 0.02 
2017 CS S 3 Row 1.61 1.75 0.91 1.75 0.52 0.02 
2017 CPWwS S 3 IR 3.14 0.82 0.34 0.12 0.03 0.04 
2017 CPWwS S 3 Mid 0.97 0.50 0.09 0.04 0.01 0.03 
2017 CPWwS S 3 Row 1.99 1.05 0.21 0.58 0.08 0.07 
2017 CSSwSf S 3 IR 1.64 0.43 0.59 0.29 0.14 0.07 
2017 CSSwSf S 3 Mid 1.50 0.21 0.14 0.28 0.11 0.15 
2017 CSSwSf S 3 Row 2.98 0.20 0.08 0.27 0.06 0.03 
2017 CSSwP S 3 IR 1.57 1.15 0.38 0.31 0.11 0.01 
2017 CSSwP S 3 Mid 2.94 0.78 1.03 0.61 0.13 0.03 
2017 CSSwP S 3 Row 5.13 1.28 1.08 0.45 0.32 0.03 
2017 COWwS W 3 IR 5.85 0.92 0.41 0.23 0.53 0.10 
2017 COWwS W 3 Mid 6.74 1.12 0.85 0.29 0.07 0.29 
2017 COWwS W 3 Row 3.28 0.72 0.26 0.22 0.15 0.14 
2017 CSSwSf S 3 IR 1.82 0.18 0.92 1.02 0.44 0.02 
2017 CSSwSf S 3 Mid 1.80 1.07 0.41 0.42 0.12 0.30 
2017 CSSwSf S 3 Row 2.34 1.89 0.68 0.62 0.34 0.01 
2017 CSSwP C 3 IR 0.72 0.79 0.43 0.51 0.09 0.02 
2017 CSSwP C 3 Mid 1.61 0.79 0.56 0.25 0.05 0.02 
2017 CSSwP C 3 Row 1.80 0.50 0.16 0.86 0.21 0.03 
2017 CSSwP P 3 IR 0.65 0.76 0.21 0.21 0.10 0.02 
2017 CSSwP P 3 Mid 1.09 0.60 0.38 0.12 0.07 0.01 
2017 CSSwP P 3 Row 2.15 1.52 0.19 0.29 0.09 0.01 
2017 COWwS O 3 IR 3.58 1.62 0.98 0.22 0.43 0.01 
2017 COWwS O 3 Mid 2.38 2.73 1.68 0.39 0.31 0.01 
2017 COWwS O 3 Row 4.27 1.71 0.44 0.56 0.22 0.09 





















2017 COWwS C 3 Mid 1.28 1.56 0.52 0.18 0.07 0.01 
2017 COWwS C 3 Row 0.48 0.44 1.49 0.90 0.25 0.01 
2017 CS C 3 IR 0.65 0.30 0.35 0.27 0.08 0.04 
2017 CS C 3 Mid 1.07 0.59 0.50 0.31 0.03 0.02 
2017 CS C 3 Row 1.31 0.82 0.39 0.31 0.06 0.02 
2017 CPWwS C 3 IR 1.41 0.95 0.86 0.16 0.04 0.02 
2017 CPWwS C 3 Mid 0.84 1.00 0.35 0.28 0.22 0.01 
2017 CPWwS C 3 Row 0.40 0.53 0.35 0.24 0.56 0.02 
2017 CSSwSf S 3 IR 3.67 2.54 1.03 1.49 0.57 0.15 
2017 CSSwSf S 3 Mid 3.77 1.97 0.83 0.29 0.07 0.02 
2017 CSSwSf S 3 Row 1.23 1.32 0.81 0.47 0.32 0.03 
2017 CSSwSf C 3 IR 1.01 1.04 1.17 0.47 0.28 0.02 
2017 CSSwSf C 3 Mid 0.64 0.56 0.65 0.65 0.50 0.03 
2017 CSSwSf C 3 Row 1.53 0.40 0.77 0.61 0.72 0.09 
2017 COWwS O 4 IR 4.07 1.31 1.19 0.47 0.64 0.02 
2017 COWwS O 4 Mid 3.91 2.40 0.63 0.26 0.60 0.03 
2017 COWwS O 4 Row 4.82 2.26 0.22 0.25 0.07 0.03 
2017 CPWwS W 4 IR 8.29 3.40 1.73 0.45 0.38 0.15 
2017 CPWwS W 4 Mid 9.46 3.76 1.86 1.02 0.35 0.04 
2017 CPWwS W 4 Row 9.59 3.56 1.45 0.82 0.13 0.09 
2017 CSSwSf C 4 IR 1.47 1.15 0.98 0.44 0.06 0.02 
2017 CSSwSf C 4 Mid 0.98 0.60 1.02 1.10 0.24 0.03 
2017 CSSwSf C 4 Row 1.51 0.68 1.07 0.27 0.10 0.02 
2017 CPWwS P 4 IR 1.04 1.32 5.25 0.26 0.19 0.06 
2017 CPWwS P 4 Mid 2.28 2.07 1.33 0.69 0.21 0.04 
2017 CPWwS P 4 Row 1.66 2.60 2.21 1.29 0.07 0.10 
2017 CPWwS S 4 IR 1.37 0.20 0.06 0.44 0.02 0.02 
2017 CPWwS S 4 Mid 1.59 0.90 0.11 0.15 0.01 0.01 
2017 CPWwS S 4 Row 1.25 0.57 0.32 0.35 . 0.09 
2017 COWwS C 4 IR 1.68 1.09 0.40 0.33 0.04 0.02 
2017 COWwS C 4 Mid 0.99 1.31 0.47 0.24 0.09 0.04 
2017 COWwS C 4 Row 3.05 1.20 0.52 0.35 0.50 0.03 
2017 CSSwP C 4 IR 0.65 0.79 1.08 1.13 0.17 0.02 
2017 CSSwP C 4 Mid 0.78 0.31 0.63 1.24 0.18 0.02 
2017 CSSwP C 4 Row 0.86 0.47 1.23 0.83 0.40 0.04 
2017 COWwS W 4 IR 11.22 3.27 1.16 0.52 0.40 0.51 
2017 COWwS W 4 Mid 7.29 3.24 2.57 0.67 2.09 0.30 
2017 COWwS W 4 Row 10.42 2.34 1.25 0.40 0.49 0.24 





















2017 CSSwSf S 4 Mid 2.17 0.79 1.37 0.91 0.13 0.28 
2017 CSSwSf S 4 Row 1.72 0.26 1.13 0.39 1.00 0.04 
2017 CPWwS C 4 IR 0.94 0.60 0.25 0.37 0.26 0.12 
2017 CPWwS C 4 Mid 0.90 1.02 0.66 0.13 0.17 0.02 
2017 CPWwS C 4 Row 3.25 1.18 1.32 0.26 0.17 0.15 
2017 CSSwP S 4 IR 2.08 0.88 1.25 1.12 0.37 0.03 
2017 CSSwP S 4 Mid 2.85 1.00 1.69 0.53 0.04 0.04 
2017 CSSwP S 4 Row 2.55 1.04 0.48 1.09 0.42 0.06 
2017 COWwS S 4 IR 0.64 0.72 0.13 0.05 0.03 0.02 
2017 COWwS S 4 Mid 0.77 0.44 0.23 0.18 0.02 0.01 
2017 COWwS S 4 Row 1.09 0.24 0.46 0.19 0.17 0.04 
2017 CSSwP S 4 IR 3.06 0.81 0.68 0.54 0.05 0.08 
2017 CSSwP S 4 Mid 3.54 0.50 1.59 0.45 0.09 0.03 
2017 CSSwP S 4 Row 1.47 0.61 0.28 0.23 0.04 0.00 
2017 CS S 4 IR 2.18 1.75 0.54 0.26 0.02 0.03 
2017 CS S 4 Mid 2.43 2.24 1.69 0.24 0.04 0.02 
2017 CS S 4 Row 1.76 0.92 0.77 0.81 0.06 0.02 
2017 CSSwSf S 4 IR 1.34 1.15 1.23 0.65 0.16 0.05 
2017 CSSwSf S 4 Mid 1.47 1.65 0.73 0.17 0.02 0.02 
2017 CSSwSf S 4 Row 2.33 1.64 0.52 0.16 0.06 0.03 
2017 CSSwP P 4 IR 1.90 0.85 0.38 0.05 0.03 0.02 
2017 CSSwP P 4 Mid 1.38 0.60 0.24 0.09 0.04 0.03 
2017 CSSwP P 4 Row 1.26 1.01 1.43 0.05 0.02 0.02 
2017 CSSwSf S 4 IR 1.08 0.78 0.53 0.27 0.03 0.02 
2017 CSSwSf S 4 Mid 0.55 0.45 0.35 0.17 0.13 0.09 
2017 CSSwSf S 4 Row 2.23 0.24 0.16 0.29 0.15 0.03 
2017 CS C 4 IR 0.82 0.44 0.13 0.09 0.03 0.02 
2017 CS C 4 Mid 0.52 0.42 0.23 0.14 0.08 0.02 
2017 CS C 4 Row 0.62 0.67 0.30 0.09 0.05 0.02 
2018 COWwS O 1 IR 3.18 0.75 0.23 0.09 0.04 0.02 
2018 COWwS O 1 Mid 2.82 0.43 0.52 0.72 0.12 0.02 
2018 COWwS O 1 Row 6.11 0.91 0.49 0.10 0.01 0.02 
2018 CSSwP C 1 IR 1.26 1.15 1.29 0.86 0.14 . 
2018 CSSwP C 1 Mid 0.67 0.37 0.53 0.34 0.21 0.03 
2018 CSSwP C 1 Row 1.76 0.41 0.17 0.10 0.05 0.01 
2018 COWwS W 1 IR 4.33 2.10 0.88 1.22 0.84 0.08 
2018 COWwS W 1 Mid 4.33 0.79 0.46 0.50 0.23 0.06 
2018 COWwS W 1 Row 6.79 1.45 0.45 0.32 0.20 0.11 





















2018 CSSwSf C 1 Mid 2.42 0.62 0.77 0.43 0.09 0.08 
2018 CSSwSf C 1 Row 3.07 1.29 1.31 0.45 0.41 0.20 
2018 CS C 1 IR 3.40 0.98 0.78 0.09 0.02 0.12 
2018 CS C 1 Mid 2.84 1.96 1.93 0.18 0.10 . 
2018 CS C 1 Row 3.20 1.57 0.55 0.29 0.06 0.02 
2018 CPWwS C 1 IR 1.47 1.58 0.52 0.69 0.14 0.08 
2018 CPWwS C 1 Mid 2.57 1.44 0.69 0.86 0.18 0.09 
2018 CPWwS C 1 Row 2.28 1.38 0.88 0.43 0.32 0.16 
2018 CSSwP S 1 IR 4.62 1.20 0.56 0.48 0.17 0.03 
2018 CSSwP S 1 Mid 1.82 1.55 0.66 0.48 0.57 0.02 
2018 CSSwP S 1 Row 1.93 0.63 0.40 1.22 0.74 0.05 
2018 CPWwS S 1 IR 1.84 0.14 0.03 0.02 0.02 0.02 
2018 CPWwS S 1 Mid 2.72 0.36 0.19 0.22 0.01 0.01 
2018 CPWwS S 1 Row 1.36 0.29 0.88 0.37 0.09 0.02 
2018 CSSwSf S 1 IR 1.59 0.28 0.04 0.16 0.03 0.01 
2018 CSSwSf S 1 Mid 1.02 0.66 0.98 0.90 0.12 0.03 
2018 CSSwSf S 1 Row 2.38 0.37 0.29 0.27 0.28 0.06 
2018 CPWwS P 1 IR 1.27 0.76 0.30 0.30 0.13 0.01 
2018 CPWwS P 1 Mid 1.06 1.84 0.73 0.09 0.18 0.02 
2018 CPWwS P 1 Row 1.09 0.77 1.00 0.25 0.23 0.02 
2018 CSSwSf S 1 IR 2.33 1.99 0.88 0.58 0.09 0.02 
2018 CSSwSf S 1 Mid 2.17 0.37 0.61 0.26 0.05 0.02 
2018 CSSwSf S 1 Row 2.37 1.20 0.79 0.61 0.62 0.73 
2018 CPWwS W 1 IR 4.47 2.41 2.47 0.51 1.51 0.92 
2018 CPWwS W 1 Mid 2.38 1.91 1.49 0.70 0.19 0.09 
2018 CPWwS W 1 Row 5.09 1.94 0.76 0.94 0.71 0.08 
2018 COWwS C 1 IR 2.53 1.13 0.81 0.58 0.13 0.02 
2018 COWwS C 1 Mid 2.48 0.79 0.80 0.13 0.28 0.13 
2018 COWwS C 1 Row 1.77 1.29 0.77 0.37 0.08 0.03 
2018 CSSwP P 1 IR 1.82 0.34 0.15 0.21 0.40 0.01 
2018 CSSwP P 1 Mid 0.85 0.82 0.18 0.14 0.02 0.03 
2018 CSSwP P 1 Row 0.92 0.44 0.08 0.10 0.05 0.02 
2018 CSSwP S 1 IR 1.02 0.59 0.18 0.30 0.01 0.03 
2018 CSSwP S 1 Mid 1.19 0.18 0.16 0.25 0.02 0.03 
2018 CSSwP S 1 Row 0.96 0.44 0.69 0.22 0.08 0.05 
2018 COWwS S 1 IR 1.33 0.15 0.13 0.12 0.08 0.02 
2018 COWwS S 1 Mid 1.21 0.20 0.09 0.13 0.02 0.01 
2018 COWwS S 1 Row 1.57 0.32 0.08 0.13 0.02 0.02 





















2018 CS S 1 Mid 2.13 0.27 0.54 0.17 0.23 . 
2018 CS S 1 Row 0.84 0.21 0.29 0.03 0.02 0.02 
2018 CSSwSf S 1 IR 1.21 0.56 0.07 0.27 0.04 0.02 
2018 CSSwSf S 1 Mid 1.23 0.65 0.24 0.23 0.08 0.01 
2018 CSSwSf S 1 Row 0.80 0.35 0.13 0.08 0.01 0.01 
2018 COWwS S 2 IR 1.25 0.66 0.23 0.25 0.03 0.07 
2018 COWwS S 2 Mid 1.30 0.24 0.61 0.09 0.04 0.02 
2018 COWwS S 2 Row 1.45 0.96 0.48 0.21 0.04 0.01 
2018 CSSwSf S 2 IR 1.69 1.11 0.78 0.30 0.27 0.03 
2018 CSSwSf S 2 Mid 2.37 1.75 0.60 0.90 0.07 0.01 
2018 CSSwSf S 2 Row 3.05 0.59 0.34 0.25 0.04 0.02 
2018 CPWwS S 2 IR 1.00 0.11 0.04 0.05 0.02 0.00 
2018 CPWwS S 2 Mid 1.94 0.11 0.16 0.25 0.43 0.05 
2018 CPWwS S 2 Row 2.59 0.58 0.31 0.25 0.07 0.02 
2018 COWwS O 2 IR 2.99 1.49 0.83 0.24 0.06 0.10 
2018 COWwS O 2 Mid 2.42 2.00 1.53 0.78 0.60 0.07 
2018 COWwS O 2 Row 4.87 1.67 0.90 0.70 0.41 0.03 
2018 CSSwSf S 2 IR 1.36 0.52 0.16 0.01 0.05 . 
2018 CSSwSf S 2 Mid 1.11 0.25 0.21 0.11 0.01 . 
2018 CSSwSf S 2 Row 1.93 0.70 0.49 0.26 0.03 0.01 
2018 CSSwP S 2 IR 2.12 1.86 0.65 0.08 0.08 0.10 
2018 CSSwP S 2 Mid 2.25 1.07 0.53 0.02 0.16 0.07 
2018 CSSwP S 2 Row 2.86 0.81 0.27 0.37 0.35 0.04 
2018 CSSwP S 2 IR 0.85 0.57 0.24 0.35 0.16 0.02 
2018 CSSwP S 2 Mid 2.47 0.93 0.14 0.15 0.03 0.03 
2018 CSSwP S 2 Row 1.17 1.11 0.10 0.18 0.03 . 
2018 CS S 2 IR 0.46 0.16 0.34 0.19 0.03 0.01 
2018 CS S 2 Mid 0.59 0.98 0.68 0.07 0.04 0.01 
2018 CS S 2 Row 0.94 0.93 0.62 0.50 0.15 0.02 
2018 CPWwS W 2 IR 4.64 1.26 1.48 1.42 0.53 0.05 
2018 CPWwS W 2 Mid 3.88 2.09 0.44 0.58 0.21 0.28 
2018 CPWwS W 2 Row 5.92 2.69 1.06 0.63 0.29 0.60 
2018 CPWwS C 2 IR 4.30 1.15 0.90 0.14 0.05 0.17 
2018 CPWwS C 2 Mid 1.79 1.70 1.12 0.35 0.17 0.03 
2018 CPWwS C 2 Row 2.65 1.12 1.10 0.67 0.14 0.09 
2018 COWwS W 2 IR 4.58 2.85 0.73 0.77 0.22 0.29 
2018 COWwS W 2 Mid 3.24 0.23 0.58 0.40 0.26 0.27 
2018 COWwS W 2 Row 5.67 1.03 1.23 0.81 0.11 0.10 





















2018 CSSwP P 2 Mid 1.47 0.50 1.06 0.08 0.01 0.02 
2018 CSSwP P 2 Row 1.77 0.39 0.98 0.26 0.02 0.02 
2018 CS C 2 IR 3.01 1.71 0.21 0.04 0.05 0.11 
2018 CS C 2 Mid 3.28 1.95 1.09 0.31 0.06 0.02 
2018 CS C 2 Row 1.85 1.17 1.24 0.64 0.20 0.03 
2018 CSSwSf S 2 IR 2.25 0.28 0.42 0.27 0.13 0.11 
2018 CSSwSf S 2 Mid 1.73 0.31 0.05 0.21 0.33 0.22 
2018 CSSwSf S 2 Row 3.96 0.43 0.19 0.82 0.39 0.04 
2018 COWwS C 2 IR 1.85 1.51 1.01 0.47 0.31 0.12 
2018 COWwS C 2 Mid 5.23 1.14 0.44 0.34 0.10 0.07 
2018 COWwS C 2 Row 2.25 1.38 0.73 0.90 0.32 0.03 
2018 CSSwP C 2 IR 1.89 0.86 0.73 0.98 0.16 0.03 
2018 CSSwP C 2 Mid 2.21 0.97 0.99 0.30 0.08 0.01 
2018 CSSwP C 2 Row 1.73 0.58 0.91 0.63 0.30 0.03 
2018 CSSwSf C 2 IR 2.18 0.81 0.95 0.32 0.02 0.02 
2018 CSSwSf C 2 Mid 5.29 1.78 1.14 0.44 0.09 0.20 
2018 CSSwSf C 2 Row 4.43 1.78 1.02 0.34 0.05 0.04 
2018 CPWwS P 2 IR 2.16 0.64 0.16 0.07 0.02 0.01 
2018 CPWwS P 2 Mid 1.67 1.03 0.48 0.17 0.13 0.03 
2018 CPWwS P 2 Row 1.39 0.35 0.42 0.29 0.01 0.05 
2018 CSSwP P 3 IR 0.80 0.95 0.42 0.04 0.02 0.02 
2018 CSSwP P 3 Mid 1.78 1.40 0.50 0.25 0.08 0.03 
2018 CSSwP P 3 Row 1.96 1.17 0.28 0.04 0.05 0.01 
2018 CPWwS W 3 IR 1.34 0.94 0.86 0.09 0.05 0.04 
2018 CPWwS W 3 Mid 2.17 0.97 0.86 0.40 0.12 0.05 
2018 CPWwS W 3 Row 4.24 1.40 0.66 0.38 0.39 0.11 
2018 COWwS C 3 IR 2.20 1.38 1.28 0.42 0.09 0.04 
2018 COWwS C 3 Mid 4.50 1.99 1.30 1.01 0.58 0.08 
2018 COWwS C 3 Row 4.78 3.39 2.19 1.38 0.70 0.29 
2018 CPWwS S 3 IR 1.17 0.67 0.04 0.11 0.06 0.10 
2018 CPWwS S 3 Mid 1.30 1.10 0.33 0.37 0.18 0.02 
2018 CPWwS S 3 Row 2.47 0.76 0.13 0.12 0.03 0.01 
2018 CS C 3 IR 1.96 1.91 2.57 1.28 0.70 0.09 
2018 CS C 3 Mid 2.27 2.20 0.94 0.60 0.26 0.15 
2018 CS C 3 Row 2.58 2.11 0.86 0.83 0.16 0.24 
2018 CPWwS C 3 IR 3.04 1.57 1.14 1.31 0.33 0.09 
2018 CPWwS C 3 Mid 2.75 1.11 0.62 0.56 0.28 0.06 
2018 CPWwS C 3 Row 3.44 1.45 1.13 0.17 0.12 0.01 





















2018 CSSwSf C 3 Mid 1.88 1.46 0.36 0.12 0.12 0.05 
2018 CSSwSf C 3 Row 1.20 1.18 0.57 0.79 0.07 0.02 
2018 CSSwP S 3 IR 2.31 1.22 0.89 0.44 0.03 0.03 
2018 CSSwP S 3 Mid 2.56 0.84 1.03 0.68 0.06 0.02 
2018 CSSwP S 3 Row 2.64 1.38 1.08 0.34 0.06 0.05 
2018 COWwS S 3 IR 3.62 1.20 1.18 0.58 0.14 0.04 
2018 COWwS S 3 Mid 2.45 1.29 0.42 0.45 0.19 0.00 
2018 COWwS S 3 Row 2.16 1.91 0.82 0.67 0.25 0.01 
2018 CSSwSf S 3 IR 1.63 0.35 0.18 0.22 0.19 0.02 
2018 CSSwSf S 3 Mid 1.04 0.33 0.68 0.64 0.33 0.03 
2018 CSSwSf S 3 Row 2.63 0.68 0.69 0.19 0.14 0.02 
2018 CSSwP S 3 IR 0.85 0.26 0.29 0.60 0.23 0.01 
2018 CSSwP S 3 Mid 1.21 0.69 0.85 0.43 0.13 0.01 
2018 CSSwP S 3 Row 1.50 0.73 0.20 0.14 0.14 0.01 
2018 CSSwP C 3 IR 0.50 0.31 0.63 0.09 0.02 0.01 
2018 CSSwP C 3 Mid 1.18 0.65 0.65 0.19 0.12 0.02 
2018 CSSwP C 3 Row 2.47 0.82 0.81 0.74 0.09 0.17 
2018 COWwS W 3 IR 8.15 2.23 0.37 0.23 0.18 0.32 
2018 COWwS W 3 Mid 8.29 1.21 0.92 0.83 0.14 0.17 
2018 COWwS W 3 Row 5.43 0.90 0.46 0.50 0.19 0.16 
2018 COWwS O 3 IR 1.33 0.88 0.70 0.48 0.29 0.08 
2018 COWwS O 3 Mid 2.18 0.73 0.60 0.41 0.16 0.11 
2018 COWwS O 3 Row 2.09 0.38 0.89 0.73 0.62 0.30 
2018 CS S 3 IR 0.77 0.30 0.25 0.18 0.01 0.01 
2018 CS S 3 Mid 0.75 0.58 0.79 0.35 0.17 0.03 
2018 CS S 3 Row 1.58 0.81 0.68 0.57 0.13 . 
2018 CPWwS P 3 IR 1.42 0.92 0.24 0.22 0.06 0.03 
2018 CPWwS P 3 Mid 1.25 0.78 0.30 0.12 0.05 0.02 
2018 CPWwS P 3 Row 2.25 1.15 0.34 0.20 0.04 0.02 
2018 CSSwSf S 3 IR 1.08 1.45 1.24 0.94 0.34 0.02 
2018 CSSwSf S 3 Mid 4.94 1.42 0.19 0.13 0.19 0.01 
2018 CSSwSf S 3 Row 1.24 1.45 0.80 0.32 0.21 0.04 
2018 CSSwSf S 3 IR 1.20 0.46 0.12 0.08 0.17 0.03 
2018 CSSwSf S 3 Mid 1.50 0.20 0.33 0.17 0.19 0.02 
2018 CSSwSf S 3 Row 1.02 0.63 0.72 0.46 0.15 0.03 
2018 COWwS W 4 IR 3.96 1.75 1.39 0.34 0.12 0.02 
2018 COWwS W 4 Mid 2.49 2.03 0.59 0.68 0.13 0.03 
2018 COWwS W 4 Row 5.36 1.05 0.78 0.54 0.15 0.03 





















2018 CPWwS S 4 Mid 1.20 0.79 0.06 0.04 0.02 0.01 
2018 CPWwS S 4 Row 1.88 0.30 0.83 0.24 0.02 0.01 
2018 CSSwSf S 4 IR 3.84 1.09 0.48 0.17 0.14 0.03 
2018 CSSwSf S 4 Mid 1.75 1.27 0.44 0.04 0.01 0.03 
2018 CSSwSf S 4 Row 2.84 1.03 0.49 0.21 0.02 0.02 
2018 CPWwS W 4 IR 2.13 1.52 0.49 0.28 0.22 0.74 
2018 CPWwS W 4 Mid 5.13 2.95 0.56 0.78 0.40 0.11 
2018 CPWwS W 4 Row 5.87 1.32 2.25 0.59 0.38 0.21 
2018 CPWwS C 4 IR 4.14 2.15 0.75 0.70 0.62 0.11 
2018 CPWwS C 4 Mid 4.62 2.19 1.94 0.36 0.21 0.04 
2018 CPWwS C 4 Row 2.32 1.08 1.35 0.75 0.03 0.06 
2018 COWwS O 4 IR 1.59 0.75 1.03 0.48 0.08 0.03 
2018 COWwS O 4 Mid 0.95 0.72 1.05 0.41 0.03 0.04 
2018 COWwS O 4 Row 2.92 0.82 0.67 0.22 0.02 0.03 
2018 CSSwP S 4 IR 1.30 0.30 0.39 0.09 0.01 0.01 
2018 CSSwP S 4 Mid 0.70 0.79 0.17 0.07 0.05 0.02 
2018 CSSwP S 4 Row 1.83 0.65 0.60 1.00 0.38 0.09 
2018 COWwS S 4 IR 1.95 1.19 1.10 0.84 0.15 . 
2018 COWwS S 4 Mid 3.11 0.48 0.78 0.40 0.06 0.04 
2018 COWwS S 4 Row 2.82 0.70 0.96 0.79 0.25 0.06 
2018 CSSwSf S 4 IR 3.84 0.58 0.46 0.23 0.22 0.03 
2018 CSSwSf S 4 Mid 2.14 0.21 0.35 0.19 0.09 0.04 
2018 CSSwSf S 4 Row 4.95 0.13 0.19 0.31 0.43 0.25 
2018 CPWwS P 4 IR 1.15 1.00 0.20 0.20 0.05 0.01 
2018 CPWwS P 4 Mid 0.85 0.28 0.38 0.11 0.04 0.02 
2018 CPWwS P 4 Row 1.78 0.85 0.27 0.07 0.02 0.02 
2018 CSSwP P 4 IR 1.16 0.41 0.12 0.03 0.00 0.01 
2018 CSSwP P 4 Mid 1.83 0.59 0.28 0.15 0.00 0.02 
2018 CSSwP P 4 Row 0.32 0.96 0.16 0.02 0.01 0.02 
2018 COWwS C 4 IR 2.67 1.31 1.24 0.30 0.13 0.03 
2018 COWwS C 4 Mid 2.88 1.62 1.42 0.37 0.06 0.02 
2018 COWwS C 4 Row 4.80 1.25 1.31 0.20 0.12 0.22 
2018 CSSwP S 4 IR 2.51 0.44 0.47 0.17 0.04 0.01 
2018 CSSwP S 4 Mid 2.00 2.02 0.63 0.28 0.13 0.02 
2018 CSSwP S 4 Row 2.27 1.31 0.69 0.10 0.19 0.02 
2018 CS C 4 IR 1.57 1.59 0.86 0.38 0.04 0.03 
2018 CS C 4 Mid 1.47 1.62 1.35 1.03 0.07 0.02 
2018 CS C 4 Row 2.04 1.40 2.42 0.85 0.48 0.05 





















2018 CSSwSf S 4 Mid 0.95 0.44 0.75 0.09 0.04 0.05 
2018 CSSwSf S 4 Row 3.18 1.33 0.26 0.20 0.10 0.02 
2018 CSSwP C 4 IR 1.48 0.77 0.67 0.18 0.09 0.08 
2018 CSSwP C 4 Mid 1.92 1.10 1.15 0.34 0.16 0.02 
2018 CSSwP C 4 Row 1.94 0.60 0.50 0.62 0.03 0.03 
2018 CSSwSf C 4 IR 2.28 0.97 0.46 0.12 0.02 0.05 
2018 CSSwSf C 4 Mid 3.78 2.26 1.40 0.40 0.28 0.27 
2018 CSSwSf C 4 Row 3.72 2.10 2.53 0.42 0.03 0.20 
2018 CS S 4 IR 2.15 0.60 0.61 0.13 0.17 0.06 
2018 CS S 4 Mid 1.86 0.54 0.12 0.20 0.03 0.02 
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